Application No. 09/724,575 PATENT 
Amendment Under 37 CFR 1.116 dated December 29, 2003 
Response to Final Office Action mailed July 25, 2003 

REMARKS/ARGUMENTS 

After entry of this amendment, claims 11-19, 21-25, and 58-73 are pending. 
Claims 11-19, 21-25, and 58-73 are under consideration, claims 1-10 and 20 having been 
canceled, and new claims 58-73 having been added. 

The term "preventing" has been replaced with "prophylaxis" in the claims. 
Previous claim 1 1 referred to "treating" and "preventing" in the same claim. Because 
"prophylaxis" is a noun and "treating" is a verb, it is grammatically awkward to refer to both in 
the same claim. Accordingly, treating and prophylaxis are now claimed in two independent 
claims 1 1 and 58, respectively. New independent claim 58 corresponds to previously presented 
claim 11. New claims 59-71, which depend from claim 58, correspond to claims 1 1-19 and 21- 
25, respectively. Support for new claims 72 and 73 is provided at e.g., p. 50, line 11. Support 
for prophylaxis is provided at e.g., p. 51, lines 17-19. Applicant addresses the Examiner's 
comments using the paragraph numbering of the office action. 

1f3. The references cited by the information disclosure statements filed 
September 21, 2001 and August 16, 2002 include all the elements required to comply with 
37 C.F.R. §§ 1.97-98 which are known to Applicant. A copy of citation number 187 is submitted 
herewith. 

TflO. A petition for withdrawal of the restriction requirement is submitted 
herewith under separate cover. ^ 

1-27. Rejections under 35 USC 112, first paragraph. Due to the length of the 
rejection, applicants will address the Examiner's comments by paragraph number. 

fflfl 1-13. The Examiner summarizes the previous rejection, applicant's response, 
and the claims. No respbnse is needed. 
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fl4. The Examiner alleges that Examples in the specification showing 
administration of A/342 with adjuvant reduces levels of A/3 in the brains of transgenic mice are 
not predictive of treatment of ATTR disease. The Examiner states that there are no examples 
directed to ATTR or art accepted ATTR models. 

In response, it is submitted that the Examiner appears not to have considered 
much of the available evidence noted in the last response. The available evidence includes not 
only the Examples in the specification describing use of AB42. The specification also shows 
successful results for AB1-5 fragment and several monoclonal antibodies to A/3. The 
specification also describes an example in which antibodies to various epitopes of A/3 and 
antibodies to synuclein were tested in an ex vivo assay for capacity to clear amyloid deposits 
from brain tissue in the presence of phagocytic cells (see pp. 1 13-117). The antibodies to A/3 
were also tested in the PDAPP mouse model. The results from the ex vivo model show excellent 
correlation with those in vivo: antibody to A/3 that cleared deposits ex vivo also cleared deposits 
in vivo. Because antibodies to synuclein were found to clear amyloid deposits characteristic of 
Alzheimer's disease ex vivo' and because of the excellent correlation between ex vivo and in vivo 
results, one would reasonable expect that antibodies to synuclein would also clear amyloid 
deposits in vivo. Thus, administration of synuclein with an adjuvant is reasonable expected to 
clear amyloid deposits in similar fashion to A/3. Likewise, as the Examiner is aware, closely 
analogous results have been reported for administration of PrP or antibodies thereto, (see 
Sigurdsson et al.Am. J. Pathol. 161, 13-17 (2002) (active administration); and, Sigurdsson et 
a'l. 9 Neuroscience Letters 336, 185-187 (2003) (passive administration), both of which are of 
record). Activity of other combinations of amyloid peptide and adjuvant can likewise be shown 
in analogous animal models of amyloid disease. Animal models of transthyretin-based disease 
were available in the early 1990 ! s. (See Kohno et al. 9 Am J. Pathol., 150[4]: 1497-508 [1997]; 
Murakami et al.,Am. J. Pathol., 141[2]:451-6 [1992]; and, Yi et al., Am. J. Pathol, 138[2]:403- 
12 [1991], copies of which are attached hereto.) 

The available evidence also includes a high degree of similarity in amyloid 
deposits formed in different disease. Although the precursor proteins in different amyloid 
diseases do not share sequence homology or related native structure, the morphology and 
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properties of all amyloid fibrils are remarkably similar see Sunde et al, J. MoL Biol., 273:729- 
739 [1997]). All give similar high-resolution X-ray fiber diffraction patterns, consistent with a 
helical array of beta-sheets parallel to the fiber long axis, with the strands perpendicular to this 
axis irrespective of the nature of their precursor proteins (Ibid). 

The burden is on the PTO to show lack of enablement, not for the applicant to 
prove enablement. In re Marzocci, 169 USPQ 367, 370 (CCPA 1971). If the evidence is in 
"equipoise," an inventor is "entitled to a patent." In re Oetiker, 24 USPQ2d 1443, 1447 (Fed. 
Cir. 1992) (Plager, J., concurring). Here, given the common structure of amyloid deposits in 
different diseases, the likelihood that immunization of any amyloid peptide with an adjuvant in 
an appropriate regime will generate antibodies, and the demonstration that antibodies to three 
different amyloid peptides (A/3, synuclein, and PrP) have clearing activity against amyloid 
deposits, it is likely that what has been observed for A/3 in treatment of Alzheimer's disease is 
generally true for other amyloid peptides in treatment of other amyloidogenic diseases. In the 
circumstances, it is insufficient for the Examiner to allege unpredictability. Rather, the Examiner 
must provide a showing why notwithstanding the above evidence, it is more likely than not that 
the claimed methods would not be effective for other amyloidogenic diseases. 

1 5-16. The Examiner alleges the specification is not enabling for prevention of 
ATTR disease or other amyloidogenic disease. In the context of preventive medicine, it is 
submitted that a regime does not have to achieve complete and total stoppage of disease in every 
patient to be considered a preventive treatment. Nevertheless, to speed prosecution, applicants 
have replaced reference to prevention in the claims with "prophylaxis." 

7-1 8. The Examiner again alleges that results obtained using A/3 are not 
predictive of treatment of transthyretin-based disease. Applicants respond as above. 

Til 9. The Examiner again alleges that the methods are not enabled for prevention. 
Applicants respond as above. 
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1J20. The Examiner alleges that the specification does not provide guidance or 
examples that would enable use of fragments of transthyretin. The Examiner alleges that 
deletions, insertions or substitutions of amino aids can lead to structural and functional changes 
in biological activity and immunological properties (citing to Skolnick & Fetrow and Jobling & 
Holmes). The Examiner alleges that biological function and immunological recognition are 
unpredictable properties which must be experimentally determined. The Examiner also says that 
for small peptides, conjugation appears to be required for promoting an effective immune 
response. 

It is respectfully submitted that the Examiner is giving undue emphasis to the 
alleged unpredictability of mutations on protein structure and function. The effect of mutations 
may in some instances be unpredictable, but this is not detrimental to enablement if it can be 
determined which agents have the desired effect by even a considerable amount of 
experimentation that is routine or based on the guidance of the specification. 

[Experimentation needed to practice the invention must not be 
undue experimentation. The key word is 'undue,' not 
'experimentation.' The determination of what constitutes undue 
experimentation in a given case requires the application of a 
standard of reasonableness, having due regard for the nature of the 
invention and the state of the art. . .The test is not merely 
quantitative, since a considerable amount of experimentation is 
permissible, if it is merely routine, or if the specification in 
question provides a reasonable amount of guidance with respect to 
the direction in which the experimentation should proceed. 

In re Wands, 8 USPQ2d 1400, 858 F.2d 731, 737 (Fed. Cir. 1988). 

The issue in Wands was whether the specification of the Wands patent enabled 
production of a class of antibodies having IgM isotype and a binding affinity of at least 10 9 M" 1 
using Kohler Milstein technology. As the Examiner is aware, Kohler Milstein technology is a 
classical technique that involves individualized screening of hybridomas to identify a subset with 
desired binding characteristics. Until the hybridomas have been screened, it is unpredictable 
which will have the desired characteristics. Nevertheless, the court found that "practitioners of 
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this art are prepared to screen negative hybridomas in order to find one that makes the desired 
antibody" (858 F.2d at 740). The Wands patent was held to be enabled. 

Here, fragments and mutants of transthyretin can be screened using analogous 
methods and endpoints to those noted in the specification of A/3. It is noted that animal models 
of transthyretin-based disease were available at the first priority date of the application. The 
number of fragments of transthyretin is not infinite and because many of the various possible 
fragments have overlapping sequences, the key regions of peptide needed for pharmacological 
activity can be determined by screening only a relatively small proportion of the total number of 
peptides. For example, if it is found that deletion of 20 amino acids from the C-terminus has no 
lowering of activity, then one can infer that deletions of fewer amino acids from the C-terminus 
will also not lower activity. Thus, by testing only a few of the possible fragments of 
transthyretin, one can predict whether any other fragment will have pharmacological activity. 
Other agents could be screened using the same transgenic animal model with an initial 
preliminary screen to show the antibody can elicit antibodies that bind to transthyretin (see 
specification at paragraph bridging pp. 31-32). 

With respect to carrier molecules, the specification provides general guidance that 
carriers are likely to be required for shorter peptides (see specification at p. 44. lines 5-7). The 
specification also provides particular examples in which A/342 was found to be effective without 
a carrier and A/31-5 with a carrier (see specification at p. 82). With intermediate fragments sizes, 
it would be a routine matter to determine whether a carrier is required. For example, one could 
perform an initial screen with a carrier. If the desired activity is obtained, one could repeat the 
experiment without the carrier to determine whether the carrier contributed to the activity. 

The relevant quanta of permissible experimentation for a genetic claim cannot be 
the aggregate of work required to produce each and every embodiment potentially encompassed 
by the claims. If this were the case, it would never be possible to have a generic claim 
encompassing an unlimited number of species. Such claims have been upheld in numerous 
patents including those in unpredictable arts. See, e.g., Ex parte Mark, 12 USPQ2d 1904 (BPAI 
1989); and, In re Angstadt, 190 USPQ 214 (CCPA 1976). The breadth of claims is relevant only 
insofar as the different species encompassed by the claims require different adaptations of an 
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exemplified strategy. See In re Strahilevitz, 212 USPQ 561 (CCPA 1982) ("Although the 
invention is applicable to a large variety of haptens and antigens, the Examiner offered no 
reasons why these compounds would require different techniques or process parameters." Ibid, 
at p. 563 (emphasis supplied). Here, as discussed above, the application discloses a strategy of 
administering an agent and an adjuvant to generate antibodies against an amyloid component and 
thereby reducing or effecting prophylaxis of amyloid deposits. The application also provides 
examples of how agents can be screened for the desired activity using a transgenic mouse model. 
Other agents can be identified by routine repetition of the same procedure. Routine repetition of 
the same basic procedures to isolate additional agents operating according to the same principles 
to achieve the same results may require considerable experimentation but does not constitute 
undue experimentation. 

f 2 1 . The Examiner cites Palla as discussing a monoclonal antibody that is 
reactive with certain mutagenic forms of transthyretin found in diseased patients but not with 
transthyretin found in healthy individuals. The Examiner alleges that it is not clear whether 
fragments that generate this antibody or any other would be therapeutic. Applicants reiterate the 
above comments regarding the routine nature of screening fragments using the principles and 
strategy described in the application. 

Tf22. The Examiner again alleges the methods are not enabling for prevention. 
Applicants respond as above. 

TJ23. The Examiner notes that there are a number of distinct transthyretin-based 
diseases by different mutations of transthyretin. The Examiner takes the view that undue 
experimentation would be required on how each individual isoform and mutation will affect the 
immune system of the patient. 

As discussed above, the application discloses a general strategy in which 
pharmaceutical compositions comprising an agent and adjuvant generate an antibody response 
against an amyloid component and thus remove the amyloid component or reduce its further 
accumulation in amyloid deposits in a subject. This strategy accommodates different 
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amyloidogenic diseases characterized by different amyloid components by appropriate selection 
of the agent in the composition. For example, to treat Alzheimer's disease, one can select an 
agent that generates an antibody response to A/3, and to treat a transthyretin-based disease, one 
can select an agent that generates an antibody response to the transthyretin component of the 
disease. Insofar as different transthyretin-based diseases are characterized by different mutations 
of transthyretin, the different subtypes of disease can similarly be accommodated, if necessary, 
by selection of an agent that induces antibodies to the transthyretin form present in the 
appropriate subtype. Mutagenic variation between different forms of transthyretin-based disease 
does not, however, necessarily imply that a different agent is needed for treatment of each 
disease subtype. Although a particular mutation in transthyretin may be critically affect the path 
of disease, it is less likely to change substantially the immunoreactivity of the fragment. Thus, 
many antibodies against one form of transthyretin are likely to react with other forms 
notwithstanding mutagenic variation. By analogy, the antibodies shown to have 
pharmacological activity against prion-based disease by Sigurdsson et al., Neuroscience Letters 
336, 185-187 (2003) were all raised against normal PrP rather than the pathogenic form, AScr. 
For these reasons, it is submitted that general strategy for design of pharmaceutical compositions 
can accommodate variations between transthyretin proteins in different types of transthyretin- 
based disease. 

f 24. No comment is needed. 

f 25. The Examiner again raises the issue whether results from A/? and PrP are 
predictive of transthyretin-based disease. Applicants respond as above. 

Iff 26-27. The Examiner summarizes the rejection. No additional comments are 

needed. 
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If the Examiner believes a telephone conference would expedite prosecution of 



this application, please telephone the undersigned at 650-326-2400. 



TOWNSEND and TOWNSEND and CREW LLP 

Two Embarcadero Center, Eighth Floor 

San Francisco, California 941 1 1-3834 

Tel: 650-326-2400 

Fax: 650-326-2422 

Attachments (as noted) 

RLC 

60103238 v1 




Rosemarie L. Celli 
Reg. No. 42,397 
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Tissue deposition of normally soluble proteins as insoluble amyloid 
fibrils is associated with serious diseases including the systemic amyloi- 
doses, maturity onset diabetes, Alzheimer's disease and transmissible 
spongiform encephalopathy. Although the precursor proteins in different 
diseases do not share sequence homology or related native structure, the 
morphology and properties of all amyloid fibrils are remarkably similar. 
Using intense synchrotron sources we observed that six different ex vivo 
amyloid fibrils and two synthetic fibril preparations all gave similar 
high-resolution X-ray fibre diffraction patterns, consistent with a helical 
array of p-sheets parallel to the fibre long axis, with the strands perpen- 
dicular to this axis. This confirms that amyloid fibrils comprise a struc- 
tural superfamily and share a common protofilament substructure, 
irrespective of the nature of their precursor proteins. 

© 1997 Academic Press Limited 

Keywords: amyloid; fibre; X-ray diffraction; protofilament; structure 



Introduction 

Amyloidosis is the extracellular deposition of 
insoluble protein fibrils leading to tissue damage 
and disease (Pepys, 1996; Tan et aL, 1995; Kelly, 
1996). The fibrils form when normally soluble pro- 
teins and peptides self-associate in an abnormal 
manner (Kelly, 1997). Amyloid is associated with 
serious diseases including systemic amyloidosis, 
Alzheimer's disease, maturity onset diabetes, and 
the prion- related transmissible spongiform ence- 
phalopathies (Table 1). There is no specific treat- 
ment for amyloid deposition and these diseases are 
usually fatal. The subunits of amyloid fibrils may 
be wild-type, variant or truncated proteins, and 
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similar fibrils can be formed in vitro from oligopep- 
tides and denatured proteins (Bradbury et aL, 1960; 
Filshie et aL, 1964; Burke & Rougvie, 1972). The 
nature of the polypeptide component of the fibrils 
defines the character of the amyloidosis. 

Despite large differences in the size, native struc- 
ture and function of amyloidogenic proteins, all 
amyloid fibrils are of indeterminate length, 
unbranched, 70 to 120 A in diameter, and display 
pathognomonic green birefringence when viewed 
in polarized light after staining with Congo Red 
(Pepys, 1996). Early X-ray diffraction examinations 
of amyloid fibrils (Bonar et aL, 1967; Eanes & 
Glenner, 1968) gave simple patterns with 4.7 to 
4.8 A meridional reflections and 10 A equatorial 
reflections, arising from the molecular spacings 
present within the regularly repeating, ordered 
structural elements of the fibrils. They are charac- 
teristic of a cross- p structure (Pauling & Corey, 
1951) in which the polypeptide chain is organized 
in p-sheets arranged parallel to the fibril axis with 
their constituent p-strands perpendicular to the 
fibril axis. This distinctive fibre diffraction pattern 
led to the amyloidoses being called the p-fibrilloses 
(Glenner, 1980a,b), and the fibril protein of Alzhei- 
mer's disease was named the p-protein before its 
secondary structure was known (Glenner & Wong, 
1984). The characteristic cross-p diffraction pattern, 
together with the fibril appearance and tinctorial 
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The Amyloid Fibril Core Structure 
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properties are now the accepted diagnostic hall- 
marks of amyloid, and suggest that the fibrils, 
although formed from quite different protein pre- 
cursors, share a degree of structural similarity. 

In order to determine the extent and nature of 
this similarity we have -used intense synchrotron 
X-ray beams to obtain the first high-resolution dif : 
fraction patterns from a range of different ex vivo 
and synthetic amyloid fibrils. Amyloid fibrils were 
isolated from patients with, respectively: mono- 
clonal X immunoglobulin light chain amyloidosis 
(Pepys, 1996); reactive systemic amyloid A protein 
amyloidosis (Pepys, 1996) and hereditary amyloi- 
dosis caused by Leu60Arg variant apolipoprotein 
A-l (Soutar et aL, 1992); Asp67His variant lysozyme 
(Pepys et aL, 1993; Booth et aL, 1997); and two 
different transthyretin variants, VaBOMet and 
Gly47Val (Booth et aL, 1994). Synthetic fibrils were 
prepared from a peptide corresponding to residues 
10 to 19 (P-strand A) of transthyretin, and from a 
peptide with the sequence of residues 20 to 29 of 
the islet-associated polypeptide (IAPP). 



The high-resolution meridional X-ray 
pattern and a common repeat on the 
fibril axis 

The synchrotron X-ray diffraction patterns from 
these different fibril preparations are shown in 
Figure 1 and the spacings of the reflections are 
listed in Table 2. These high- resolution patterns are 
dominated by the cross-p reflections but they also 
contain groups of additional reflections that have 
not been observed previously in other amyloid dif- 
fraction patterns. Despite the known, large differ- 
ences in the lengths and folding conformations of 
the polypeptide chains of the precursors, the major 
features of the diffraction patterns from the various 
amyloid fibrils are clearly very similar. 

The meridional diffraction pattern derives from 
the ordered molecular structures along the length 
of the amyloid fibril. The presence of reflections on 
the meridian out to 2 A indicates that the individ- 
ual fibrils have highly ordered internal structures 
alone the fibre axis. The intense reflection at 4.7 to 
4.8 A that dominates the meridional diffraction 
patterns of amyloid fibrils is derived from the 
mean separation of the hydrogen-bonded p-strand s 
that are arranged perpendicular to the fibre axis in 
the cross-p structure (Figure 2). In addition to this 
intense reflection, the synchrotron radiation has 
also revealed several weaker, higher-angle reflec- 
tions, occurring in this range of diverse amyloids, 
that have not been reported previously. These 
reflections include a second order of the 4.7 to 4.8 
spacing, at 2.4 A. 

In some of the amyloid samples (Figure 1(b), (d), 
(e) and (0, the intense "4.7 A" reflection can be seen 
to be a close doublet, with components at 4.82 A 
and 4.63 A. In patterns where this doublet cannot 
be resolved its presence can be inferred from the 
observation that the calculated first order of the 



second harmonic of the 4.7 A spacing, found at 2.39 
to 2.41 A, maps to the extreme inner edge of the 
intense 4.7 A reflection, leaving space for a 4.6 A 
component within the overall intensity envelope. 
The weaker, higher-angle reflections occur at 
closely similar spacings in the different samples. 
For example, reflections with spacings of 3.2 A, 2.8 
to 2.9 A, 2.22 to 2.27 A and 2.00 to 2.02 A occur fre- 
quently, and reflections with spacings of 2.39 to 
2.41 A (the second order of the intense 4.82 A reflec- 
tion) are present in all of the amyloid samples that 
we have examined at high resolution. Because these 
reflections are very weak, even in relatively well 
oriented patterns, their absence from certain images 
may simply indicate that they are too weak to be 
observed above the noise level in those patterns. 
The observed similarity over the medium- and 
high-angle regions of the meridional X-ray pattern 
can only occur if the fibrils have well-defined and 
closely similar molecular structures, at least insofar 
as their ordered core components are concerned. 

The observed meridional spacings can be fitted 
to the same repeat distance for each pattern, 
namely 115 A (Table 2). The observed spacings for 
many of the reflections can also be fitted to a fun- 
damental repeat of 28.8 to 29.9 A to give orders of 
diffraction of 6 through 14 for spacings from 4.8 A 
to 2.00 A. However, this fit does not include all 
observed reflections. It is possible to include these 
if it is assumed that the 28.8 to 28.9 A distance rep- 
resents a pseudo-repeat and that the true repeat is 
four times as long, being 115.1 to 115.6 A. As 
Table 2 indicates, all of the observed meridional 
reflections can be indexed on this longer repeat 
and this indexing can be carried out separately for 
the diffraction patterns from each type of amyloid 
fibril to give almost identical repeat distances. The 
ability to index the meridional spacings from each 
different fibril preparation to essentially the same 
unit cell edge indicates a close similarity in the 
underlying core molecular structure of ail of 
these samples. This similarity is evidence that the 
protofilament structure of amyloid fibrils is com- 
mon across the diverse range of fibril samples 
examined here, regardless of the constituent pro- 
tein or the number of protofilaments making up 
the fibril. 

The most intense features of the X-ray patterns 
we show here correspond to those previously 
reported for other amyloid fibrils (Table 1), includ- 
ing those from full-length (Kirschner et aL, 1986; 
Gorevic et aL, 1987) and fragments of the Alzhei- 
mer's disease AP peptide (Kirschner et aL, 1987; 
Fraser et aL, 1991; Inouye et aL, 1993), amyloid A 
protein (Turnell et aL, 1986a), calcitonin (Gilchrist 
& Bradshaw, 1993), insulin (Burke & Rougvie, 
1972), and synthetic peptides of transthyretin 
(Jarvis et aL, 1993) and the prion protein (Come 
et aL, 1993; Tagliavini et aL, 1993; Nguyen et aL, 
1995). The lack of high-resolution data, beyond 
the basic cross-p reflections, has limited further 
analysis of the molecular structures of these 
fibrils. 
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Figure 1. X-ray fibre diffraction patterns from ex vivo and synthetic amyloid fibrils. X-ray fibre diffraction patterns 
from eight different types of amyloid fibril, prepared as described below. The meridional axis (direction parallel to 
the fibril axis) is the vertical axis in this display. Amyloid fibril samples as follows: (a) ATTR2, Gly47Val transthyre- 
tin; (b) ATTRl, Val30Met transthyretin; (c) AAPOAI, LeufiOArg apolipoprotein A-I; (d) AL, monoclonal /, immunoglo- 
bulin light chain; (e) H i R, peptide with the sequence of the A-strand of human transthyretin; (f) FIAPP, peptide 
with the sequence of residues 20 to 29 of the islet-associated polypeptide; (g) A A, amyloid A protein; <h) ALys, 
Asp67His lysozyme. Amyloid fibrils were isolated, as described by Nelson cf nL (1991), from spleens of patients with 
different types of systemic amyloidosis and prepared for X-ray examination on a stretch frame. A droplet of fibril sus- 
pension (5 to 10 mg/ml in distilled water) was placed between two tubes and allowed to dry at room temperature, 
during which time the distance between the ends of the capillaries was increased slowly, by small increments, to 
stretch out the fibrils and encourage alignment. The peptides were synthesized by standard peptide synthesis chem- 
istry and were dissolved in distilled water at a concentration of 10 mg/ml to produce amyloid fibrils. The solution, in 
a siliconized capillary tube, was then placed in a 2 T magnetic field to facilitate alignment of the fibrils during their 
formation and was allowed to dry at room temperature for about ten days. X-ray fibre diffraction patterns were col- 
lected at user station ID2 on beamlLne 4 at the European Synchrotron Research Facility (ESRF) at Grenoble, France 
(wavelength 0.9515 A), at station 7.2 at the Synchrotron Radiation Source (SRS) at Daresbury, UK (wavelength 
"1.488 A) or in-house using a Cu Kcr. Rigaku rotating-anode source (wavelength 1.5418 A). All images were collected 
on VI A R Research image plate X-ray detectors (180 or 300 mm diameter). Various exposure times were used for the 
different samples to optimize the detection of reflections. The images were collected on different beam lines, with 
varying wavelengths, beam-stops and sample-to-detector distances; these variations account for the differences in 
relative intensities and positions of the beam stop between images. The fibre diffraction patterns were analysed using 
the display program IPD1SP, run on a Hewlett Packard workstation (ESRF) and a Digital workstation (Oxford). Spa- 
cings were measured in triplicate and on both sides of the patterns. False colour images were produced with the pro- 
gram PROFIDA (Lorenz & Holmes, 1993). 



Differences in the equatorial reflections 

The equatorial X-ray reflections relate to the 
fibril structure perpendicular to the fibre direction. 
Because the crystalline order in fibres is usually 
much lower in directions perpendicular to the fibre 
axis than parallel to the axis, the equatorial reflec- 
tions from amyloid fibrils are weaker and broader 
than their meridional equivalents (Figure 1, 
Table 3). Early diffraction studies of amyloid 
(Bonar ct al., 1967; Ilanes &: Glenner, 1968) demon- 
strated a single equatorial reflection with a spacing 



of about 10 A. As the intensities of the equatorial 
reflections are determined by the structure of tine 
fibrils projected down the fibre axis, this reflection 
has been identified as representing the spacing of 
the p-sheets in the amyloid fibril. 

The use of synchrotron radiation has revealed a 
more detailed equatorial diffraction pattern in 
which there are both additional reflections and 
also greater spatial resolution of the previously 
observed reflections. The svnehrotron patterns do, 
however, exhibit broad maxima at around 10 A 
and 5 A, characteristic of p-sheets separated by 
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4.63 
4-46 

4.13 
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4.58 



3.71 



3:21 



2.82 



2.61 



2.39 



2.25 



2.00 



4;60 



3.83 



2.41 



2.22 



11R 17 



11R 70 



1 1 1; 4£ 



1 1R *K 



1 m 19 



115 



Spacing (in A) of all meridional reflections measured from diffraction patterns, with the corresponding order of the indexed 
reflections. Calculated cell edge dimension (along the meridian) given for each fibril sample (with standard deviation). Sam- 
ples as follows: ATTR1, Val30Met variant transthyretin; ATTR2, Gly47Val variant transthyretin; AL, monoclonal \ immuno- 
globulin light chain; AApoAI, Leu60Arg variant a polipo protein A-I; ALys, Asp67His variant lysozyme; A A, amyloid A 
protein; FTTR, peptide with the sequence of the A-strand of wild-type human transthyretin; FIAPP, peptide with the sequence 
of residues 20 to 29 of the islet-associated polypeptide, (o-m), off-meridional reflection; (n-i), the reflections do not index to 
the common cell edge dimension. There is evidence from other studies that this spacing arises from lipid contamination 
(Damas ct at, 1995). 
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approximately 10 A, as suggested earlier. It is 
known that the spacing in p-sheets is dependent 
on the side-chain composition of the p-sheets 
(Arnott et aL, 1967; Geddes ct at., 1968). A recent 
analysis of the X-ray diffraction patterns from 
prion rods and fibrils formed from peptides corre- 
sponding to fragments of the prion protein has 
shown that the p-sheet spacings vary in these 
samples because of differences in sequence 
(Nguyen et aL, 1995). The present results are also 
in agreement with those of Jarvis and co-workers, 
who have reported p-sheet spacings of 8 to 10 A in 
synthetic fibrils prepared from peptides that corre- 
spond to single strands of the transthyretin mol- 
ecule (jarvis et aL, 1993). The slight variation in the 
equatorial reflections observed in the series of 
fibrils presented here therefore presumably reflects 
the differences in protein sequences in these 
diverse types of amyloid but falls within accepta- 
ble limits for amino acid compositions found in 
globular proteins. 

The larger number of equatorial reflections 
revealed by. the synchrotron X-ray source suggests 
the presence of proto filaments in amyloid fibrils. 
The short-range order involved in the packing of 
pro tofi laments, within or between the fibrils, can 
be described by a one-dimensional interference 
function dependent on the centre-to centre separ- 
ation (or diameter) of the protofi laments, and their 
arrangement in the fibrils (Burge, 1959, 1963). Elec- 
tron microscopy studies of the sub-fibrillar struc- 
ture of amyloid have revealed that different types 
of amyloid may show different numbers and 
arrangements of protofilaments in the fibrils 
(Shirahama & Cohen, 1967; Shirahama et aL, 1973; 
Cohen et aL, 1981). Fraser and co-workers have 
shown that the protofilaments formed by Ap pep- 
tides assemble into hollow rods or ribbons of var- 
ious sizes under different conditions of pH (Fraser 
et aL, 1991) and, while AP, amyloid A protein and 
immunoglobulin light chain amyloid fibrils are 
reported to be composed of five or six protofila- 
ments around an electron lucent core (Cohen et aL, 
1981; Kirschner ct aL, 1987; Fraser et aL, 1991), 
transthyretin amyloid has been shown to be com- 
posed of four protofilaments in a square array 
(Serpell et aL, 1995). It may therefore be expected 
that the equatorial reflections produced by the 
amyloid fibrils of different types will reflect the 
variation in number and arrangement of protofila- 
ments in their fibrils. 



Figure 2. Comparison of the meridional and equatorial 
reflections. Meridional and equatorial profiles from 
samples of eight different amyloid fibrils, showing the 
close similarities in the meridonal diffraction and the large 
differences in the distribution of the equatorial reflections 
between these diverse amyloid samples. The samples, 
illustrated in the same order as in figure 1, are as follows; 
(a) ATTR2; (b) ATTR1; (c) AAPOAI; (d) AL; (e) FTTR; (0 
FIAPP; (g) A A; (h) ALys (abbreviations as in legend to 
Figure 1). Meridional profiles are illustrated as parts (a m ) 



to (g m ) of the Figure and equatorial profiles are parts (a e ) to 
g e ). The profiles were extracted using an adapted version 
of PROFIDA (Lorenz & Holmes, 1993). The diffraction pat- 
terns were centred, rotated to align the meridional axis 
with the vertical axis of the screen, and corrected for beam 
polarisation. Profiles were averaged over both Ar and AG, 
over the ranges 0<r<0.5A~', Ar = 0.000782 A -1 and 
0 < 9 < 10°, A9 = 1". The profiles are plotted on the same, 
arbitrary, intensity scale for comparison. 



I 

The Amyloid Fibril Core Structure 



735 



Table 3. Equatorial reflections 
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Spacing (in A) of all equatorial reflections measured from diffraction patterns. Samples as in Table 2. 



It is also possible that the diameters of the proto- 
fi laments (and therefore their centre-to-centre 
spacing) may vary because of the need to 
accommodate differently sized loops linking the 
P -structure core, and /or to allow for some 
variation in the lengths of the p-strands dependent 
on the nature of the precursor. These variations 
may account for the differences between the 25 
to 35 A diameter protofilaments seen in amyloid A 
protein and immunoglobulin light chain fibrils, 
and Alzheimer's amyloid and the 50 to 60 A diam- 
eter protofilaments demonstrated in transthyretin 
amyloid (Fraser et aL, 1991; Cohen et aL, 1981; 
Serpell et aL, 1995). In view of these possible vari- 
ations of structure, the observed equatorial spacings 
listed in Table 3 are difficult to interpret readily in 
more detail than is given above. Where there is a 
sufficient number of equatorial reflections and other 
information it is possible to analyze the substruc- 
ture of the fibril in some detail, as for example, has 
been done for the transthyretin fibril (Blake & 
Serpell, 1996; Blake et aL, 1996). The number of 
observable equatorial reflections listed in Table 3 is 
insufficient to characterize all of the amyloid fibrils 
studied here but the similarity in the equatorial 
reflections displayed by the ex vivo fibrils on the one 
hand, and the synthetic peptide fibrils on the other, 
may reflect the fact that the protofilament packing 
in these two groups is related to the nature of their 
constituent polypeptides. 

A generic fibril structure 

The degree of similarity we have observed in the 
diffraction patterns of these different amyloid 
samples is indicative of a common core molecular 
structure at least at the level of the protofilament. 
The X-ray pattern of one of these fibrils, the 
Val30Met transthyretin amyloid, has been analysed 
in detail to generate a novel molecular structure, 
which has been described (Blake & Serpell, 1996; 
Blake et aL, 1996), and it is reasonable to suppose 
that its basic structural elements are representative 
of the other amyloid fibrils examined here. In this 
molecular model the protofilaments that make up 
the observed fibrils are composed of a number of 
P-sheets (four in the case of transthyretin fibrils; 
but this number may be particular to transthyretin 
amyloid) running parallel to the axis of the protofi- 



lament, with their component p-strands closely 
perpendicular to this axis. The regular orientation 
of the strands and sheets with respect to the fibril 
axis may account for the magnetic anisotropy 
observed in amyloid fibril samples, which allows 
samples of fibrils to be aligned in a magnetic field 
(Inouye et aL, 1993). The diamagnetic anisotropy of 
the planar peptide bond has the effect that 
p-sheets, in which the plane of the peptide bond is 
parallel to the sheet, have a tendency to orient par- 
allel to an applied magnetic field (Worcester, 1978). 

The meridional reflections from these diverse 
amyloids are all consistent with the model of the 
continuous p-sheet helix described in detail for the 
VaBOMet amyloid fibril (Blake & Serpell, 1996). 
For all of the amyloids, the lowest-order reflection, 
at 4.8 A, is the 24th order of the 115.5 A repeat, 
suggesting that the amyloid core contains 24 p- 
strands in each 115.5 A-long repeating unit along 
the fibril axis (Figure 3). A twist of the p-sheet 
through 360° in 115.5 A generates a relative twist 
of 15° between neighbouring p-strands if there are 
24 p-strands in the helical repeat. Most p-sheet 
structures in folded proteins are twisted rather 
than planar and have a right-handed twist of 0° to 
30° between strands. The right-handed twisted 
conformation represents the lowest energy confor- 
mation of the p-sheet structure (Pauling & Corey, 
1951; Chothia, 1973). This model of the amyloid 
protofilament core incorporates the most likely, 
lower energy, right-handed twisted p-sheets but 
the data do not differentiate between left and 
right-handed helices. In this model, the twisting of 
the p-sheets around a common helical axis, which 
is parallel to the axis of the protofilament, accounts 
for the repeating unit of approximately 115.5 A 
that is observed in all the amyloid fibrils studied 
here. The model is therefore an elaboration of the 
classical cross-p molecular structure, which permits 
the incorporation of the favourable twisted p-sheet 
structures (Pauling & Corey, 1951; Chothia, 1973). 
The helical structure of the protofilament enables 
the hydrogen bonding between the p-strands to be 
extended over the total length of the amyloid 
fibrils, thereby accounting for their characteristic 
rigidity and stability. The extended order in this 
dimension of the fibrils is responsible for the pseu- 
do-crystalline sharpness of the meridional reflec- 
tions. 
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115 A 
24 p -strands 



Figure 3. Model of the generic amyloid fibril structure. 
Molecular model of the common core protofilament 
structure of amyloid fibrils. A number of (3-sheets (four 
illustrated here) make up the protofilament structure. 
These sheets rim parallel to the axis of the protofila- 
ment, with their component p-strands perpendicular to 
the fibril axis. With normal twisting of the p-strands, the 
P-sheets twist around a common helical axis that 
coincides with the axis of the protofilament, giving a 
helical repeat of 115.5 A containing 24 p-strands (this 
repeat is indicated by the boxed region). 



The present X-ray results support the view that 
this model represents the core molecular structure 
of all of the amyloid fibrils studied here, irrespec- 
tive of the number or arrangement of protofila- 
ments, and demonstrate the independence of the 
115.5 A helical repeat from the nature of precursor 
protein. The ability of this single structure to 
accommodate different length polypeptide chains 
may be understood in the following way. Very 
short peptide chains, say six to ten residues, are 
able to form a single P-strand, which can act as the 
basic unit to be repeated along the fibre axis. Long- 
er polypeptides will be able to form a larger num- 
ber of P-strands by folding their chains back and 
forth. In this way the cross-p amyloid structure 
may be independent of the length of the polypep- 
tide chains forming it. The features of the structure 
that may vary and be dependent on characteristics 



of the precursor are mainly expressed in directions 
perpendicular to the fibre axis, where loops of 
varying length or other structures can be accom- 
modated without affecting the core P -sheet struc- 
ture. These variations would be expected to be 
reflected in variability of the spacings and intensi- 
ties of the equatorial reflections. In contrast, the 
common p-sheet helical structure should result in a 
constant pattern for the spacings and intensities of 
meridional reflections. These characteristics are 
exactly what is observed in the diffraction patterns 
from different amyloid fibrils. 

Fibrillogenesis and a 
structural conversion 

Table 1 lists the known or predicted structures 
of the amyloid fibril subunit precursors in their 
non-fibrillar form. The amyloidogenic proteins dis- 
play a wide range of native folds, yet the present 
analysis has demonstrated that all amyloid fibrils 
have the same cross-p molecular skeleton. Proteins 
such as the immunoglobulin light chain 
(Schormann et aL, 1995), transthyretin (Blake et aL, 
1978; Terry et aL, 1993; Hamilton et aL, 1993; 
Sebastiao et aL, 1996) and p 2 -microglobulin (Becker 
& Reeke, 1985) have similar, mainly p-sheet native 
structures but, even so, must sustain significant 
structural changes when they are deposited in the 
cross-p amyloid form (Blake & Serpell, 1996; Blake 
et aL, 1996), and it is known that the form of trans- 
thyretin that is amyloidogenic has a non-native 
conformation (Colon & Kelly, 1992; McCutchen 
et aL, 1993, 1995; Kelly, 1996). Proteins such as 
insulin (Adams et aL, 1969), cystatin C (Bode et aL, 
1988), the amyloidogenic variants of lysozyme 
(Pepys et aL, 1993; Booth et aL, 1997), and the prion 
protein (Riek et aL, 1996), which have extensive 
native a-helical structure, may undergo even larger 
conformational changes when they form amyloid 
fibrils. 

Such a structural conversion has been demon- 
strated for the amyloidogenic variants of human 
lysozyme (Booth et aL, 1997), which show an 
increase in p-sheet content and a loss of a-helical 
structure during fibril formation in vitro, and it is 
also associated with infectivity in the prion spongi- 
form encephalopathies (Pan et aL, 1993; Gasset 
et aL, 1992, 1993; Harrison et aL, 1997). Studies of 
various peptides corresponding to regions of the 
Alzheimer's disease Ap peptide have also demon- 
strated that structural plasticity is related to fibril 
formation (Hilbich et aL, 1991; Barrow et aL, 1992; 
Talafous et aL, 1994; Sticht et aL, 1995; Soto et aL, 
1995). 

The present work demonstrates that, although 
the amyloidogenic proteins have very different 
precursor structures, they can all undergo a struc- 
tural conversion, perhaps along a similar pathway, 
to a misfolded form that is the building block of 
the p-sheet helix protofilament. This mechanism of 
structural conversion and the generic structure of 
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the amyloid protofilament offer two distinct targets 
for therapeutic molecules: compounds that could 
interfere with the transition from precursor to 
P-structured fold and agents that might inhibit or 
reverse the packing of protofilaments into fibrils. 
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To elucidate the pathogenesis of amyloid deposition 
associated with familial amyloidotic polyneuropa- 
thy (FAP), we developed several transgenic mouse 
lines carrying the human mutant transthyretin 
(TTR) gene. We found that human TTR and mouse 
serum amyloid P component (SAP) are deposited as 
amyloid in tissues of these mouse lines. Because SAP 
is a major acute phase reactant in mice, we asked 
whether repeated injections of Escherichia coli tipo- 
polysaccharide (LPS) would enhance the amyloid de- 
position in one of these transgenic mouse lines. Dur- 
ing the course of repeated LPS injections, serum levels 
of SAP in the transgenic mice remained between sev- 
eralfold to about 50-fold higher than seen in the ab- 
sence of stimulation As no significant difference was 
detected in the onset, progression, and tissue distri- 
bution of TTR-derived amyloid (ATTR) deposition 
between the LPS stimulated and unstimulated trans- 
genic mice, the induction of SAP synthesis by acute 
inflammation probably does not affect the onset and 
extent of ATTR deposition. (Am J Pathol 1992, 141; 
451-456) 

Familial amyloidotic polyneuropathy (FAP) is an autoso- 
mal dominantly inherited systemic amyloidosis. 1 The 
amyloid deposits derived from the Japanese, Portu- 
guese, and Swedish types of FAP all consist of the same 
variant transthyretin (TTR) with a single amino-acid sub- 
stitution of methionine for valine at position 30. 2 " 4 These 
amyloids also contain a small but significant amount of 
serum amyloid P component (SAP) 5 We reported evi- 
dence for a direct link between a point mutation in the 



TTR gene and FAP. 6 " 10 However, the wide span of age 
at onset suggests the presence of factor(s), other than a 
mutation in the TTR gene, which affect amyloid deposi- 
tion. 1 1 One such factor may be SAP, because all known 
types of amyloid deposits so far studied contain SAP. 12 
SAP is a major acute-phase reactant in the mouse, 13 and 
Baltz et al 14 considered that in the mouse there may be a 
relationship between the sustained high levels of SAP 
and the deposition of casein-induced amyloid. The rate 
of synthesis of SAP in individuals with systemic amyloid- 
osis was shown to be increased up to 1 0-fold higher than 
that in control subjects. 15 

In an attempt to elucidate the molecular pathogenesis 
of FAP, we constructed several transgenic mouse lines 
carrying and expressing the human mutant TTR gene. In 
these mouse lines, we found that human TTR and mouse 
SAP deposit as amyloid. 11 ' 16 To investigate the relation- 
ship between SAP and amyloidogenesis in FAP, we ex- 
amined whether sustained high serum levels of SAP in- 
duced by repeated intraperitoneal injections of Escheri- 
chia coli lipopolysaccharide (LPS) enhance the amyloid 
deposition in one of these transgenic mouse lines. 

Materials and Methods 

Mice and Induction of Acute Inflammation 

Acute inflammation was induced in groups of male 
C57BL/6 mice by the intraperitoneal injection of LPS. At 
different times after the injection of 1 ^g of LPS/g body 
weight, blood samples were taken from the ether- 
anesthetized animals. 

A transgenic mouse line used in this study was de- 
veloped as follows. 11 - 1617 First, we prepared a 7.8-kb 
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Sful-EcoRi fragment, in which the promoter region of the 
mouse metallothionein-l (MT-1) gene was ligated to the 
structural gene of human mutant TTR gene (MT- 
hTTR30met), for an adequate expression of the human 
mutant TTR gene. This DNA construct was microinjected 
into fertilized eggs of C57BL76 mice and several trans- 
genic mice, expressing the human TTR gene were thus 
obtained. In one of these transgenic mouse lines, amy- 
loid began to deposit in the alimentary tract when the 
mice were 6 months old. At 12 months of age, amyloid 
deposits remarkably increased in the same organs and 
also appeared in the kidneys, heart, and thyroid of most 
of the transgenic mice examined. The amyloid deposits 
constantly increased with aging, and in mice aged 15 
months, they were observed in most of the organs exam- 
ined. 11,16,18 In the current study, we used the transgenic 
mice of this line for the following experiments. Groups of 
the male transgenic mice of the same litter were given 
injections of LPS every 5 to 6 days, as initiated at the age 
of 2 months. 



Specific Protein Assays 

To examine the serum levels of SAP, blood samples were 
taken from ether-anesthetized mice and the sera were 
analyzed by single radial immunodiffusion and Western 
blot analyses, using rabbit anti-mouse SAP antiserum 
(Calbiochem, La Jolla, CA). The serum levels were cali- 
brated with mouse SAP standard serum (Calbiochem). 



Histochemical Analysis 

After repeated injections of LPS, transgenic mice were 
killed after ether anesthetization at 5.5, 7, 13, and 18 
months of age. Various tissues were excised, fixed in 
- 10% neutral buffered formalin, and embedded in paraffin 
for histochemical analyses. At each time point, two male 
transgenic mice given repeated LPS injections as well as 
two male and one female unstimulated transgenic mice 
of the same litter were also examined. Tissue sections 
were stained with Congo red and examined under polar- 
ized light for the presence of amyloid deposits. 



Immunohistochemistry 

For immunohistochemical demonstration of the major 
components of amyloid deposits, tissue sections were 
immunostained by the avidin-biotin complex (ABC) 
method, using antisera. The antisera used were anti- 
human TTR (Behringwerke; Marburg, FRG), and anti- 
mouse amyloid A protein (AA) (provided by Prof. S. Mig- 



ita, Cancer Research Institute, Kanazawa University, Ja 
pan). 

Results 

Changes of Serum Levels of SAP After 
an Intraperitoneal Injection of LPS in 
C57BU6 Mice 

Male C57B176 mice were given 1 u-g of LPS/g body 
weight intraperitoneal^. At 0, 24, 48, 69, and 96 hours 
after inducing an acute inflammation, the mice were killed 
and serum levels of SAP were examined by single radial 
immunodiffusion and Western blot analyses. The results 
are shown in Figure 1 . There was a progressive increase 
in the serum level of SAP and a peak was reached within 
24-48 hours. At the maximum level, the serum level of 
SAP was approximately 160 ^g/ml and 50-fold higher 
than that of the control level. The elevated level then grad- 
ually decreased, but the original unstimulated level was 
not reverted to even at 96 hours after the administration of 
LPS. We also noted that the serum level of SAP in the 
control female mice was severalfold higher than in the 
control male mice (Figure 1 ). Based on these findings, we 
repeated the injections of LPS every 5 to 6 days, and 
examined whether each one of the repeated injections 
caused a similar change in the serum level of SAP. 
Groups of two mate mice were given LPS every 5 days 
for up to 20 days and sera were taken from two mice of 
one group at 24 hours after each injection. Serum levels 
of SAP were examined using the single radial immunod- 
iffusion method. Similar changes in the serum levels of 
SAP were observed after each one of the repeated injec- 
tions of LPS (data not shown). 



Induction of SAP Synthesis in a Transgenic 
Mouse Model of FAP 

To examine whether the sustained high serum levels of 
SAP would enhance amyloid deposition, we injected LPS 
every 5 to 6 days into four groups of male transgenic 
mice. 11,16 The injections were initiated when the mice 
were 2 months old. We measured the serum level of SAP 
in each one of the transgenic mice at 24 hours after the 
last LPS injection and confirmed that it was essentially 
identical to that observed in the control male C57BL76 
mice. Figure 2 shows the results of Western blot analysis 
of the serum levels of SAP in 1 3- and 1 8-month-old trans- 
genic mice at 24 hours after the last LPS injection. As 
shown in Figure 3, the serum level of human TTR in these 
transgenic mice also increased up to about 1 6-fold within 
10 hours after the injection of LPS. The serum level of 
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Figure 1 . SAP responses to LPS injection in C57BU6 mice. The serum samples were prepared from the mice, as described under the Materials 
and Methods, and analyzed by Western blot analysis (A) and single radial immunodiffusion method (B). A: Numbers above the lanes 
indicate the time (in hr) after the LPS injection. At each time point, the two mice were examined. Lane S; 0.8 \il (9 4 vg/ml) of mouse SAP 
standard serum (Calbiochem); lane F; 0.8 \U of serum from unstimulated female C57BU6 mouse, lanes 0, 24, 48, (59, 9(5; serum from male 
C57BL16 stimulated mice, lane 0; 0.8 \U of serum, lanes 24, 48, 69; 0.8 \U of 1/10 diluted serum, lane 96; 0.8 \d of 1/5 diluted serum. 
Molecular mass in kilo daltons is indicated on the left of the panel. An arrowhead indicates SAP. B: Tlx SAP level was measured by single 
radial immunodiffusion method using anti-mouse SAP antiserum and 1.2% agarose gel. The serum levels were calibrated with the mouse 
SAP standard serum. 
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human TTR in the unstimulated female transgenic mice 
was about four-fold higher than that in the unstimulated 
male transgenic mice (Figure 3). 

After repeated LPS injections and at 5.5, 7, 1 3, and 1 8 
months of age, two male transgenic mice were killed and 
examined for distribution and degree of amyloid depos- 
its, as described under Materials and Methods. To com- 
pare the distribution and degree of amyloid deposition 
between the LPS stimulated and unstimulated transgenic 
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Figu re 2. The acute-phase response of SAP to the last LPS injection 
in the transgenic mouse aged 13 and 18 montb-8. Sera were taken 
from the transgenic mice at 24 hr after the last LPS injection and 
serum levels of SAP were analyzed by Western blot analysis. Lane 
F; 0.8 yJof serum from unstimulated 18 month-old female trans- 
genic mouse, lanes 18, 13; 0.8 \J_of 1/5 diluted serum from LPS- 
stimulated 18- and 13-month-old transgenic mice, respectively. 



mice, we also histochemically examined two male and 
one female unstimulated transgenic mice of the same 
litter for amyloid deposition. Amyloid deposits were not 
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Figure 3. Effect of acute inflammation on serum level of human 
TTR in transgenic mice. Acute inflammation was induced in male 
transgenic mice at 13 months of age by a single intraperitoneal 
injection of LPS (1 M£ LPS/g body weight) and the serum samples 
were prepared from the two mice/timepoint at 0 and at 10-, and 
24-hr intervals. The plasma levels of human TTR were analyzed by 
enzyme-linked immunosorbent assay and dilution curves were 
made. 1, 2; 0 hr, 3, 4; 10 hr, 5, 6; 24 hr. The dilution curve of an 
unstimulated female transgenic mouse serum was also made. 
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detected in any one of the 5.5- and 7-month-old trans- 
genic mice (Table 1). At 13 months of age, amyloid de- 
posits were observed in the heart, liver, spleen, stomach, 
intestine, thyroid gland, and skin (Table 1). We detected 
similar amyloid deposits in similar tissues of two male 
mice and one female unstimulated mouse of the same 
litter. However, we found no amyloid deposits in the liver 
and spleen of these unstimulated transgenic mice (Table 
1). At 18 months of age, amyloid deposits appeared 
more remarkably in the same tissues and also in kidneys 
and lymph nodes (Table 1 ). The amyloid deposits in the 
liver, spleen, and lymph nodes were evident only in the 
stimulated mice (Table 1 , Figure 4a, b). There was no 
significant difference in the degree of the amyloid depo 
sition in the other tissues between the unstimulated and 
stimulated transgenic mice (Figure 4c, d). The compo- 
nents of amyloid deposits were examined using the ABC 
method. The amyloid deposits in the liver and spleen of 
the 18-month-old stimulated mice did not react with anti- 
human TTR antisera, but did react with anti-mouse AA 
antisera (Figure 5a, b). On the other hand, the amyloid 
deposits in the kidneys, heart, stomach, intestine, thyroid 
gland, and lymph nodes of the 1 8-month-old stimulated 
mice reacted with anti-human TTR antisera, but not with 
anti-mouse AA antisera (Figure 5c. d). We confirmed that 
the amyloid deposits in various tissues of the 18-month- 
old unstimulated mice reacted with anti-human TTR and 
anti-mouse SAP antisera but not with anti-mouse AA an- 
tisera (data not shown). 



Discussion 

Our observations strongly suggest that the sustained 
high serum level of SAP caused by the repeated acute 



Figure 4. Histocbemical analysis of spleen and small intestine of 
the 18*montb-otd transgenic mice. Tissues were stained with 
Congo red, tlxm viewed through cross polar. The amyloid deposits 
stained with Congo red give the bright green birefringence char- 
acteristic of amyloid; (a, b), sf)leeti (*30); (c, d), small intestine 
C*50), (a, c), unstimulated transgenic mice; (b, d), US-stimulated 
transgenic mice. 



inflammation does not affect the onset and extent of TTR- 
derived amyloid (ATTR) deposition. SAP is a major acute- 
phase reactant in mice. 13 In C57BL/6 male mice, serum 
levels of SAP increased about fifty-fold at 24 hours after 
the injection of LPS (Figure 1), decreased gradually but 
remained severalfold higher than that of the unstimulated 



Table 1 . Histocbemical Tissue Distribution of Amyloid Deposits in Transgenic Mice Carrying the MT-bTrR30met Gene 
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Transgenic mice: age examined (months) 



5.5 



(-) 



( + ) 



(-) 



( + ) 



Brain 

Choroid plexus 

Sciatic nerve 

Heart 

Lung 

Liver 

Spleen 

Pancreas 

Kidney 

Stomach 

Intestine 

Lymph node 

Thyroid gland 

Skin 



13 
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+ + 












± 




+ 




+ 




+ + 






+ 


+ + 


+ 


+ 


+ + 


+ + 


+ + 


+ 


+ + + 


+ + 








+ 


+ 


+ 


+ 


+ + 


+ 


+ 


+ 


+ 



Amyloid deposits are absent. -; limited to the wall of small vessels, ±; observed in the small vessels and their surrounding regions. + 
moderate in the interstitium, + + ; marked in the interstitium and parenchyma. + + + . 
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Figure 5. Immunohistochemistry of spleen and small intestine of 
the LPS'Stimulated 18-month-old transgenic mice; (a, b), spleen 
(x60); (C, d), small intestine C*75). '/be specimens were treated 
with anti-human TFR (a, c) or anti-mouse AA (b, d). 



level even at 96 hours after the administration of LPS (Fig- 
ure 1 j. Kinetics of changes in the serum levels of SAP 
correlated with that of the mouse liver SAP mRNA. 19 We 
repeatedly injected LPS into the transgenic mice for 3.5 
to 16 months. Even after 16 months of these repeated 
LPS injections, the acute phase response of SAP to the 
LPS injection was essentially identical with that observed 
after the first LPS injection (Figure 2). Thus, the serum 
levels of SAP in the transgenic mice remained between 
several-fold to about fifty-fold higher than that in the un- 
stimulated mice during the course of the repeated LPS 
injections. 

The LPS injection also increased the serum level of 
human TTR in the transgenic mice (Figure 3). We ex- 
pected this increase, because transcription of the human 
TTR gene in these transgenic mice is under the control of 
the promoter of the mouse MT-I gene, and because a 
similar increase in the level of mouse liver MT-I mRNA 
was already evident after the injection of LPS. 20 We also 
noted that the serum level of human TTR in the unstimu- 
lated female transgenic mice was about fourfold higher 
than that in the unstimulated male transgenic mice (Fig- 
ure 3), 

After 3.5 and 5 months of repeated LPS injections, 
amyloid deposits were not detected in any one of these 
transgenic mice, a finding that suggests that repeated 
induction of SAP synthesis by acute inflammation does 



not lead to an early deposition of ATTR. After 1 1 months 
of repeated LPS injections, amyloid deposits appeared, 
but the degree of deposition was much the same as that 
in the unstimulated transgenic mice, except for the pres- 
ence of amyloid in the liver and the spleen. After 16 
months of repeated LPS injections, the amyloid deposits 
were more extensive. However, there was no significant 
difference in the degree and distribution of ATTR depo- 
sition in tissues between the stimulated and unstimulated 
18-month-old transgenic mice. The amyloid deposition 
in the liver and the spleen of the stimulated mice reacted 
with anti-mouse AA antisera but not with anti-human TTR 
antisera. Repeated administration of an inflammatory 
stimulus into mice induces deposition of amyloid fibrils 
mainly consisting of AA proteins derived from circulating 
serum amyloid A protein. 21 Accordingly, the induction of 
systemic AA amyloidosis indicated that repeated LPS in- 
jections effectively induced an acute phase responses in 
the transgenic mice. 

The serum levels of both SAP and human TTR in the 
unstimulated female transgenic mice were severaifold 
higher than those in the unstimulated male mice. How- 
ever, there was no significant difference in the onset and 
extent of amyloid deposition between the male and fe- 
male unstimulated transgenic mice, Snel et al reported 
data on systemic AA amyloidosis in hamsters, in which 
AA and female protein (FP), the hamster counterpart of 
mouse SAP, are deposited as amyloid. 22 Systemic AA 
amyloidosis was induced in female, male, and castrated 
male hamsters by repeated injection of casein. The SAA 
responses of the three groups of hamsters to the re- 
peated casein injection were indistinguishable, but cas- 
trated males had about a three-fold higher serum FP level 
than did control males though still lower than in females. 
There was no significant difference in the onset and ex- 
tent of AA amyloid deposition between the three groups 
by casein injection alone. 22 These findings are similar to 
ours described herein. However, when AA amyloidosis 
was induced by injecting amyloid enhancing factor 23 fol- 
lowed by casein, amyloid deposition occurred sooner 
and was more extensive in both females and castrated 
males than in control males. 22 This observation supports 
the possibility that FP plays some role in the AA amyloid 
deposition. 

Our findings suggest that the induction of SAP syn- 
thesis by acute inflammation does not affect the onset 
and extent of ATTR deposition in the transgenic mouse 
model of FAP. However, these findings do not rule out the 
possibility that SAP has a crucial role in ATTR deposition. 
Normal serum levels of SAP may be sufficient for the 
deposition of ATTR. In that case, targeted disruption of 
the SAP gene in mouse embryo-derived stem cells to 
generate mutant mice 24 should make way for the evalu- 
ation of the role of SAP in cases of amyloid deposition. 
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esophagus and stomach when the mice were 11 
months of age. With advancing age, amyloid de- 
posits extended to various other tissues. Be- 
cause no significant difference was detected in 
the onset, progression, and tissue distribution of 
amyloid deposition between the ttr-/- and 
ttr+/+ transgenic mice expressing 6.0-hMet 30, 
endogenous normal mouse TTR probably does 
not affect the deposition of human TTR Met-30- 
derived amyloid in mice. TTR is a tetramer com- 
posed of four identical subunits that binds thy- 
roxine (T 4 ) and plasma retinol-binding protein. 
The introduction of 6.0-hMet 30 into the ttr _/ ~ 
mice significantly increased their depressed se- 
rum levels ofT 4 and retinol-binding protein, sug- 
gesting that human TTR Met 30 binds T 4 and 
retinol-binding protein in viva The T 4 -binding 
ability of human TTR Met 30 was confirmed by 
the analysis ofT 4 -binding proteins in the sera of 
ttr~ /_ transgenic mice expressing 6.0-hMet 30. 
The T 4 -binding studies also demonstrated the 



Amyloid fibrils derived from the fapanese, Por- 
tuguese, and Swedish types of familial amyloid- 
otic polyneuropathy all consist of a variant trans- 
thyretin (TTR) with a substitution of methionine 
for valine at position 30 (TTR Met 30). In an 
attempt to establish an animal model of TTR Met- 
30-associated homozygous familial amyloidotic 
polyneuropathy and to study the structural and 
functional properties of human TTR Met 30, we 
generated a mouse line carrying a null mutation 
at the endogenous ttr locus ( ttr''') and the hu- 
man mutant ttr gene (6.0-hMet 30) as a trans- 
gene. In these mice, human TTR Met-30-derived 
amyloid deposits were first observed in the 
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presence of hybrid tetramers between mouse and 
human TTR subunits in the ttr +/+ transgenic mice 
expressing 6.0-hMet 30. (Am J Pathol 1997, 
150:1497-1508) 



Familial amyloidotic polyneuropathy (FAP) is an au- 
tosomal dominantly inherited disorder, characterized 
by extracellular deposition of fibrillar amyloid protein 
and by a progressive neuropathy leading predomi- 
nantly to sensory and autonomic dysfunction. 1 The 
amyloid is mainly composed of variant transthyretin 
(TTR) with single amino acid substitutions. Many dis- 
tinct TTR point mutations have been identified in 
association with FAP. 2 Substitution of methionine for 
valine at amino acid position 30 of TTR (TTR Met 30) 
predominates over other mutations in the Japanese 
and is the sole mutation found associated with FAP in 
Sweden and Portugal. 3 " 6 To investigate the molec- 
ular pathogenesis of TTR Met-30-associated FAP, 
we generated transgenic mice carrying the human 
mutant ttr gene. 7 " 9 In the transgenic mice, human 
TTR deposited as amyloid fibrils in many of the same 
tissues where amyloid deposition is commonly ob- 
served in FAP patients. However, a difference in the 
pattern of amyloid deposition was observed between 
the transgenic mice and FAP patients. For example, 
the transgenic mice had no amyloid deposition in the 
peripheral nervous tissues, the characteristic site of 
amyloid deposition in FAP patients. 7 " 9 

TTR is a tetramer composed of four identical 
subunits. 10 A possible reason for the difference in 
the pattern of amyloid deposition might be that the 
endogenous normal mouse TTR affects amyloid 
deposition by forming hybrid tetramers with the 
human variant TTR. Although formation of hybrid 
tetramers between mouse and human TTR in the 
transgenic mice carrying the human mutant ttr 
gene had not been clearly demonstrated, previous 
immunological analyses of the mice sera with anti- 
human TTR antiserum were consistent with this 
possibility. 11 

In this report, we describe experiments designed 
to study the effect of endogenous mouse TTR on 
human variant TTR-derived amyloid deposition. We 
have investigated the relationship between the levels 
of expression of the human mutant ttr gene and 
amyloid deposition and studied the structural and 
functional properties of human TTR Met 30. These 
experiments used two lines of mice: a TTR-deficient 
{ttr '-) mouse generated through gene targeting 12 
and a wild-type transgenic mouse carrying the hu- 
man mutant ttr gene with its cognate 6-kb upstream 
region (6.0-hMet 30). 13 The transgene, 6.0-hMet 30, 



was expressed in the liver, choroid plexus, kidne- 
and yolk sac, precisely the same tissues as the 
endogenous mouse ttr gene, and the levels of ex- 
pression were equivalent to those of the endogenous 
mouse ttr gene. 13 The two lines were crossed to 
generate transgenic mice that lacked endogenous 
mouse TTR and expressed 6.0-hMet 30. We com- 
pare in this manuscript the onset and tissue distribu- 
tion of amyloid deposition of this transgenic mous: 
line with that of the wild-type transgenic mouse line 
expressing both the endogenous mouse ttr and hu- 
man mutant ttr genes. 

TTR possesses high-affinity binding sites for both 
thyroxine (T 4 ) 14 and plasma retinol-binding protein 
(RBP) 15 * 16 and plays an important role in the plasma 
transport of thyroid hormone and retinol (vitamin A). 
The ttr f - mice have significantly depressed serum 
levels of V 2 - 17 and RBP. 12,18 We show that expres- 
sion of 6.0-hMet 30 affects serum T 4 and RBP bind- 
ing in these mice. 



Materials and Methods 

Animals 

Transgenic mice producing human variant TTR ana 
lacking endogenous mouse TTR were generated as 
follows. A male C57BL/6 mouse carrying 6.0-hMet 
30 13 was mated with ttr'- outbred female mice. 12 
The heterozygous (ttr +/ ~) F1 male mice carrying 
6.0-hMet 30 were mated with the heterozygous 
{ttr +/ ~) F1 female mice carrying 6.0-hMet 30. Ho- 
mozygous mutant (flr'-) F2 mice carrying 6.0-hMet 
30 (ttr '--6.0-hMet 30 +/ ~) were then selected. Ho- 
mozygous mutant {ttr f ~) F2 male mice carrying 6.0- 
hMet 30 (^"-6.0-hMet 30 +/ ") were mated with 
the homozygous mutant (ttr^) F2 female mice car- 
rying 6.0-hMet 30 (ttr'--6.0-hMet 30 +/ "). The F3 
progenies were used in the present study. The F3 
transgenic mice were maintained in cages housing 
four to six mice each, on separate racks in the same 
room, kept under a 12-hour light cycle. Regular ro- 
dent's chow (Oriental Yeast, Tokyo, Japan) and tap 
water were freely available. 

Blood samples collected from the eye artery or 
from the heart after ether anesthesia were centri- 
fuged, and serum was immediately frozen for further 
analysis. Genotype analysis for each animal was 
carried out by polymerase chain reaction on DNA 
from tails purified with phenol, chloroform, and eth- 
anol precipitation, as described. 12 
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Light Microscopy and Histochemistry 

Transgenic mice were killed after anesthesia with 
ether. The ages of the mice were 5, 7, 1 1 , 14, and 18 
months. Various tissues were excised, fixed in 10% 
buffered neutral formalin, and embedded in paraffin. 
At each time point, six ttr 1 ' transgenic mice carry- 
ing 6.0-hMet 30 and six ttr +,+ transgenic mice car- 
rying 6.0-hMet 30 were examined. Paraffin sections 
were stained with hematoxylin and eosin for light 
microscopy and with Congo red for histochemical 
demonstration of amyloid. To confirm amyloid depo- 
sition in Congo-red-positive material, apple-green bi- 
refringence was.determined under a polarization mi- 
croscope. 

Immunohistochemistry 

For immunohistochemical analysis, portions of the 
tissues were fixed in 2% periodate-lysine-parafor- 
maldehyde fixative at 4°C for 4 hours, washed with 
phosphate-buffered saline (PBS) containing 10, 15, 
and 20% sucrose at 4°C for 4 hours, and embedded 
in OCT compound (Miles. Eikhart. IN). After freezing 
in dry ice/acetone, the tissues were cut into 6-^m- 
thick sections on a cryostat (Bright, Huntington, UK). 
After inhibition of endogenous peroxidase activity by 
the method of Isobe et al, 19 the cryostat sections 
were immunostained by the indirect immunoperoxi- 
dase method using rabbit anti-human TTR antibody 
(Behringwerke, Marburg, Germany) and rabbit anti- 
mouse serum amyloid P component (SAP) antibody 
(Behring Diagnostic, La Jolla, CA). As secondary 
antibody, a donkey anti-rabbit immunoglobulin 
horseradish-peroxidase-linked F(ab') 2 fragment 
(Amersham, Little Chalfont, UK) was used. After vi- 
sualization with 3,3'-diaminobenzidine and H 2 0 2 , 
the sections were stained with hematoxylin and 
mounted with resin. 

Western Blot Analysis of Human TTR Levels 

A 2-/xl aliquot of each mouse serum diluted 1 :40 in 
0.9% NaCI were mixed with 8 /J of loading buffer 
(125 mmol/L Tris/HCI, pH 6.8, 4% sodium dodecyl 
sulfate (SDS), 20% glycerol, 0.005% bromophenol 
blue, and 10% 2-mercaptoethanol), and denatured 
at 95°C for 5 minutes, followed by SDS-polyacryl- 
amide gel electrophoresis (8 to 16% gradient SDS- 
polyacrylamide gel, TEFCO, Matsumoto, Japan) at a 
constant current of 18 mA for 1 .5 hours. The proteins 
were transferred onto Immobilon-P membrane (Milli- 
pore, Bedfold, MA) at a constant voltage of 25 V for 
1.25 hours. As internal standard, 25 and 50 ng of 
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human TTR standard (Calbiochem, La Jolla, CA) 
were also run in each gel. Nonspecific binding on the 
blot was blocked by incubation in 10% nonfat dry 
milk in blocking solution (Tris-buffered saline (TBS) 
containing 10 mmol/L Tris/HCI, pH 7.4, and 150 
mmol/L NaCI) with 0.05% Tween 20 (Bio-Rad, Rich- 
mond, CA) for 3 hours. The blots were then incu- 
bated overnight in binding solution (2% nonfat dry 
milk and 0.05% Tween 20 in TBS) containing rabbit 
anti-human TTR antibody (Behringwerke) at a dilu- 
tion of 1:250. After washing five times (10 minutes 
each) with washing solution (0.1% Nonidet P-40 
(BRL, Bethesda, MD) and 0.05% Tween 20 in TBS), 
the blots were incubated in the binding solution con- 
taining 125 l-labeled protein A (2.3 MBq/^g; Cal-Rad, 
Santa Ana, CA) at a dilution of 1:10,000 for 3 hours. 
After washing, the blots were air dried, exposed to 
imaging plates (Fuji Photo Film, Tokyo, Japan), and 
scanned with the BAS 2000 system (Fuji). There was 
an approximately linear relationship between the 
amounts of human TTR standard and the autoradio- 
graphic intensity of the bands in the range of 25 to 
100 ng. The amount of human TTR was estimated by 
the sum of the autoradiographic intensities of TTR 
monomers and dimers. 

Southern Blot Analysis of the Copy Number 
of the Human ttr Gene 

Genomic DNA extracted from mice livers was di- 
gested with BamH\, separated by 0.9% agarose gel 
electrophoresis, and transferred onto nylon mem- 
branes (Hybond-N+, Amersham). The membranes 
were cross-linked by exposure to ultraviolet light (UV 
Stratalinker 1800, Stratagene, La Jolla, CA) and hy- 
bridized with the following two 32 P-labeled probes: 
an 850-bp PvuW fragment of mouse SAP cDNA 20 and 
a 160-bp Xba\-Pst\ fragment of human TTR cDNA. 21 
The copy number of 6.0-hMet 30 was estimated from 
the relative intensity of the hybridizing band to that of 
the sap band using the BAS 2000 system. 

Measurement of Serum Thyroxine Levels 

Serum total T 4 levels were measured by radioimmu- 



noassay (RIA), as described. 



17 



Thyroxine Binding to Serum Proteins 

Aliquots of 5 /d of serum samples and of isolated TTR 
preparations (1 to 2 jig) were incubated for 30 min- 
utes at room temperature with 15 >xl of a 1 :1 5 [ l]T 4 
(21.1 MBq/pig) (DuPont. Wilmington. DE) dilution in 
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glycine/acetate buffer (200 mmol/L glycine, 130 
mmol/L sodium acetate, pH 8.6) 22 and electropho- 
resed on 8% native polyacrylamide gels, using the 
same glycine/acetate as gel and running buffer, for 3 
to 5 hours at 40 mA and room temperature. The 
migration of albumin was followed with a serum sam- 
ple incubated with bromophenol blue. Gels were 
dried and exposed for autoradiography. 

Purification of Mouse and Human TTR 

Human RBP ( isolated from plasma, and retinol were 
mixed in a 1:1.2 molar ratio in PBS for 12 hours in the 
dark at 4°C and then dialyzed against coupling 
buffer (100 mmol/L sodium hydrogen carbonate, 500 
mmol/L sodium chloride, pH 8.3) for 6 hours in the 
dark. Coupling to cyanogen-bromide-activated 
Sepharose CL-4B (Pharmacia, Uppsala, Sweden) 
was performed at 4°C following the instructions of 
the supplier. Mouse serum samples of 200 pJ were 
diluted in 400 ^l of TBS and recirculated in the RBP 
column; after washing with TBS, the RBP-Sepharose- 
bound fraction was eluted with H 2 0, pH 10.4. 23 Both 
fractions were concentrated to the initial volumes by 
centrifugation on Centricon-10 filters (Amicon, Bev- 
erly, MA). 

Human TTR Met 30 and human normal TTR were 
isolated from recombinant bacteria as previously de- 
scribed 24 Quantification of human native TTR by 
radial immunodiffusion was performed using a kit 
from The Binding Site (Birmingham, UK). 

Hybrid Tetramer Formation between Mouse 
TTR and Human Variant or Normal TTR in 
Vitro 

One hundred micrograms of mouse TTR, recombi- 
nant human TTR Met 30, and recombinant human 
normal TTR were individually denatured by agitation 
in 1 ml of 6 mol/L guanidine for 16 hours at 37°C. 
Solutions containing mouse TTR and human TTR Met 
30 or mouse TTR and human normal TTR molecules 
were then mixed for 1 hour at 37°C, followed by 
dialysis in glycine/acetate buffer. The same denatur- 
ing/renaturing treatment was applied to one hundred 
micrograms of recombinant human TTR Met 30 and 
to one hundred micrograms of recombinant normal 
human TTR preparations. The dialyzed solutions 
were concentrated in Centricon-10 filters (Amicon). 

Measurement of Serum RBP Levels 

Serum RBP levels were measured by RIA, as de- 
scribed. 18 



Statistical Analysis 

Group values, expressed as the mean ± SD, were 
compared by Student's Mest. P < 0.05 was consid- 
ered significant. 



Results 

Amyloid Deposition 

Six ttr" f ~ transgenic mice carrying 6.0-hMet 30 were 
killed at 5, 7, 11, 14, and 18 months of age and 
examined for the occurrence and tissue distribution 
of amyloid deposits, as described under Materials 
and Methods. To compare the onset, progression, 
and tissue distribution of amyloid deposition be- 
tween the ttr f ~ and ttr +/+ transgenic mice carrying 
6.0-hMet 30, we also examined histochemically sU 
ttr +/+ transgenic mice. Amyloid deposits were not 
detected in any of the 5- and 7-month-old transgenic 
mice. As shown in Table 1, amyloid deposits were 
first observed at 1 1 months of age in the esophagus 
and stomach. With advancing age, these deposits 
extended to various other tissues. There was no 
significant difference in the onset, progression, and 
tissue distribution of amyloid deposition between the 
ttr~ f ~ and ttr +/+ transgenic mice carrying 6.0-hMei 
30, This result suggests that endogenous normal 
mouse TTR does not affect the deposition of human 
TTR-derived amyloid in the transgenic mice. No 
amyloid deposits were detected in peripheral ner- 
vous tissues in the transgenic mice up to age 24 
months. Thus, deposition of human TTR Met-30-de- 
rived amyloid in the peripheral nervous tissues of the 
transgenic mice could not be induced by eliminating 
normal mouse TTR. 

Amyloid deposits in the ttr 1 ' transgenic mice 
carrying 6.0-hMet 30 were stained with Congo red 
(Figure 1, a, c, and e) and emitted an apple-green 
birefringence under polarized light (Figure 1, b, d, 
and f). The amyloid deposits in the ttr~'~ transgenic 
mice carrying 6.0-hMet 30 reacted with anti-human 
TTR antibody (Figure 2, a-c), indicating that human 
variant TTR deposits as amyloid fibrils in transgenic 
mice. 

Amyloid deposits of all types have been shown to 
contain SAP. 25 As indicated in Figure 2d, the amy- 
loid deposits in the ttr f ~ transgenic mice carrying 
6.0-hMet 30 reacted with anti-mouse SAP antibody. 
This result clearly demonstrates that murine SAP 
binds to human TTR Met-30-derived amyloid. 

To investigate the relationship between amyloid 
deposition and serum levels of human TTR, TTR 
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Table 1. Tissue Distribution of Amyloid Deposits in TTR-Deficient (ur+) and mid-Type (wr+» ) Transgenic Mice 
Carrying the Human Mutant ttr Gene (6.0-hMet 30) _ 



Age examined 
(months) 



Genotype 



Amyloid 
deposit 



Tissue 



11 



-/- 



+ 
+ 
+ 



+/+ 



Esophagus 
Esophagus 
Esophagus, stomach 



Esophagus 



14 



-/- 



+ 
+ 



Esophagus, heart, lung, bladder 
Esophagus, heart, stomach, 
intestine, liver 



+/+ 



+ 
+ 



Esophagus, heart, stomach, 

intestine 
Esophagus, heart, stomach, 

intestine 



18 



-/- 



+ 
+ 



+/+ 



+ 
+ 
+ 
+ 



Heart, intestine, kidney 
Esophagus, lung, intestine, 
spleen 

Esophagus, heart, stomach, 
intestine, liver, spleen, thyroid 



Kidney 

Esophagus, lung, intestine 
Esophagus, stomach, intestine 
Heart, intestine, spleen 
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CODV 


(malciW 


number 


39 




24 


■ '"' , 1 


32 


2 


32 


n 2 


22 


1 


40 


2 


30 
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33 
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26 
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26 
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27 
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41 
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29 
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46 


2 


26 


1 


30 


1 


65 


2 


23 
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25 
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27 


1 


58 


2 


59 


2 


36 


2 


22 


1 


26 


1 


- 60 


2 


28 


2 


34 


1 


37 "> — . 


1 



-/- homozygous for the mutant ttr gene; + / + wild-type; - amyloid deposit is absent; +i amyloid deposit is present. For copy number, 
2 means approximately 60 copies and 1 means approximately 30 cop.es of 6.0-hMet 30. . 



serum levels were measured by Western blotting, as 
detailed under Materials and Methods (Figure 3). 
The levels of human TTR in the serum of transgenic 
mice varied from 22 to 79 mg/dl. The mean serum 
level of human TTR in the ttr 1 ' transgenic mice 
(36 ± 13 mg/dl) was nearly equivalent to that in the 
ttr +/+ transgenic mice (40 ± 15 mg/dl) (Table 1). The 
wide variation in serum levels of human TTR did not 
appear to be due to environmental factors, such as 
acute inflammation and starvation 26 - 27 but instead 
correlated well with the copy number of 6.0-hMet 30 
(Table 1). The copy number of the integrated 6.0- 
hMet 30 was estimated by Southern blotting (see 
Materials and Methods). Because the transgenic 
mice were generated by interbreeding of F2 mice 



hemizygous for 6.0-hMet 30 (6.0-hMet 30 +/ "), they 
are expected to be either hemizygous (6.0-hMet 
30 +/ ") or homozygous (6.0-hMet 30 +/+ ) for 6.0-hMet 
30. The result of this analysis showed that the ap- 
proximate copy numbers of 6.0-hMet 30 of hemizy- 
gous (6.0-hMet 30 +/_ ) and homozygous (6.0-hMet 
30 +/+ ) mice were 30 and 60, respectively (data not 
shown). The mean serum level of human TTR in the 
hemizygous (6.0-hMet 30 +/ ") and homozygous (6.0- 
hMet 30 +/+ ) transgenic mice was 29 ± 5.3 mg/dl 
(n = 20) and 49 ± 14 mg/dl (n = 16), respectively. 
As expected, there was a correlation between the 
serum levels of human TTR and the copy number of 
the transgene 6.0-hMet 30. However, no correlation 
was observed between the copy number of 6.0-hMet 
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30 or the serum levels of human variant TTR and the 
onset and extent of amyloid deposition in these 
transgenic mice (Table 1). 
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Serum Total Thyroxine Levels 

To analyze the potential of human TTR Met 30 to bind 
T 4 . serum total T„ levels were assayed by RIA in 11 
and 10 ttr H * mice and in 12 ttr" 1 ' and 10 
ttr ' 7 "'" transgenic mice carrying 6.0-hMel 30 (Tabl© 
2). Serum total T,, levels in Ihe ttr 1 ' nonlransg©nle 
mice were reduced to 41% of that of Ihe wilcMyp© 
mice. The ttr 1 " transgenic mice carrying 6.0-hMdrt 
30 had 38% higher total T„ levels compared With 
ttr 1 - nontransgenic mice. This result @ugg@St§ thai 
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Table 2. Serum Total T4 and RBP Levels 



Genotype 



T4 
(M9/dl) 



n 



ttr 1 - 

ttr 1 -, 6.0-hMet 30 
ttr +,+ t 6.0-hMet 30 
ttr +/+ 



RBP 
(mg/dl) 



1.69 
2.34 
4.15 
4.16 



0.41 
0.54 
0.73 
0.65 



11 
12 
10 
10 



0.11 
2.94 
3.52 
3.41 



0.09* 

0.91 

0.70 

1.21*: 



n 

6 
8 
8 
5 



All values are given as mean ± SD. Then n values refer to number of mice used 
"These values were presented by Wei et al. 18 



human TTR Met 30 binds T 4 . Serum total T 4 levels 
did not differ between wild-type transgenic and non- 
transgenic mice (Table 2). 

Thyroxine Binding to Serum Proteins 

The different electrophoretic mobilities of mouse TTR and 
human TTR on native polyacrylamide gels allowed us to 
detect the presence of mouse/human hybrid TTR tetram- 
ers in the sera of ttr +/+ transgenic mice carrying 6.0-hMet 
30. These hybrid tetramers are expected to bind T 4 , as 
total serum T 4 levels in the ttr H + transgenic mice were 
similar to wild-type nontransgenic mice (Table 2). Mouse/ 
human hybrid TTR tetramers should, therefore, display as 
T 4 -binding proteins with mobilities intermediate between 
that of mouse and human TTR. Consistent with this pre- 
diction, we found a smear of [ 125 l]T 4 -binding protein in the 
ttr +/ + transgenic mice (lane 3 of Figure 4) between bands 
representing mouse TTR (lane 4) and human TTR Met 30 
(lower band of lane 2). Serum from a human homozygous 
for the mutant ttr gene showed no labeled T 4 in the TTR 
fraction (lane 1 ), However, TTR Met 30 does, in fact, have 
the ability to bind T 4 , as seen in lane 2, where serum 
from a ttr~ , ~ transgenic mouse carrying 6.0-hMet 30 was 
applied. Recombinant human TTR Met 30 like- 



wise has a very low capacity for T 4 (lane 6). Lane 5 shows 
that mouse TTR/human TTR Met 30 hybrid tetramers 
formed in vitro (see below) bind T 4 efficiently. Similarly, 
mouse TTR/normal human TTR hybrid tetramers formed 
in vitro bind T 4 (lane 7). 

Taken together, these data show that human TTR 
Met 30 binds T 4 and forms hybrid tetramers with 
mouse TTR, and that these hybrid tetramers bind T 4 
efficiently. The level of native human TTR in the se- 
rum of the ttr +/+ transgenic mice carrying 6.0-hMet 
30, as determined by radial immunodiffusion using 
human TTR-specific antibody, was nearly twice that 
of the ttr f - transgenic mice carrying 6.0-hMet 30 
(data not shown). This difference could not be ac- 
counted for by differential expression of the human 
mutant ttr gene in the two strains, as Western bloi 
analysis indicated that the serum levels of human 
TTR monomers were similar in both groups of mice 
(Figure 3). This result suggests that the formation of 
mouse/human hybrid TTR tetramers increases the 
number of immunoreactive TTR tetramers in the se- 
rum of the ttr /+ transgenic mice. Further support for 
this notion comes from the analysis by radial immu- 
nodiffusion of mouse/human hybrid TTR tetramers 
formed in vitro. s v 
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In Vitro Mouse/Human Hybrid TTR 
Tetramer Formation 

Mouse TTR and human TTR Met 30 monomers were 
prepared by denaturing the native TTRs. Equal con- 
centrations of monomers were mixed and renatured 
in an attempt to form hybrid tetramers (Figure 4; see 
Materials and Methods). As a control, a sample of 
human TTR Met 30 alone was denatured and rena- 
tured. Corresponding amounts of untreated human 
TTR Met 30 were applied to the radial immunodiffu- 
sion plates. A similar value for native TTR concentra- 
tion was found for the treated and untreated human 
TTR Met" 30 solutions, showing that human TTR Met 
30 was able to return to its initial configuration after 
denaturation. As predicted, the mixed and renatured 
mouse/human TTR preparation yielded twice as 
many immunoreactive native human TTR molecules 
(data not shown). Interestingly, we found that no 
hybrid tetramers formed unless the human and 
mouse TTRs were first reduced to monomers. 

Serum RBP Levels 

To examine the potential of human TTR Met 30 to 
bind RBP, serum RBP levels were measured by RIA 
in eight ttr 1 ' and in eight ttr +/+ transgenic mice 
carrying 6.0-hMet 30. As shown in Table 2, the mean 
serum RBP level in the ttr f ~ nontransgenic mice 
was reduced to 3% of that of the wild-type mice. The 
expression of 6,0-hMet 30 in these mice increased 
RBP levels to 86% of the wild-type mice. We con- 
clude that human variant TTR binds RBP. Serum RBP 
levels were equivalent in wild-type transgenic and 
nontransgenic mice. 



Discussion 

We used flr"'~ and ttr +/ + transgenic mice express- 
ing 6.0-hMet 30 to examine the effect of endogenous 
mouse TTR on human TTR Met-30-derived amyloid 
deposition and to determine the relationship be- 
tween the levels of expression of the human mutant 
ttr gene and amyloid deposition. The properties of 
human TTR Met 30 were also investigated. We found 
that the presence of endogenous normal mouse TTR 
does not affect human variant TTR-derived amyloid 
deposition. We also demonstrated that TTR Met 30 
binds both T 4 and RBP and forms hybrid tetramers 
with mouse TTR in vivo. 

We observed no correlation in these mice be- 
tween the serum levels of human variant TTR and the 
time of appearance, extent, or tissue distribution of 
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amyloid deposition. We previously generated two 
lines of transgenic mice carrying a human mutant ttr 
transgene; one carries a DNA fragment containing 
approximately 0.6 kb of the upstream region and the 
entire human gene (0.6-hMet 30), and the other car- 
ries a fragment in which the promoter region of the 
mouse metallothionein-l gene was fused to the entire 
human gene (MT-hMet 30) 8 The presence of mouse/ 
human hybrid TTR tetramers in the serum of these 
transgenic mice was suggested by analyzing the 
antigenicity of TTR produced in the mice. 11 The anal- 
ysis of [ 125 l]T 4 -binding proteins in the serum of the ^ 
ttr +/+ transgenic mice carrying 6.0-hMet 30 showed ' 
TTR molecular species with mobilities intermediate 
between mouse TTR and human TTR Met 30 (Figure 
4). This experiment provided direct evidence for the 
presence of mouse/human hybrid TTR tetramers in 
the transgenic mice. As hybrid TTR tetramers form in 
vitro solely by renaturation of previously denatured 
mouse and human TTR tetramers, we propose that 
mouse/human hybrid TTR tetramers form in the liver 
before secretion. 

Although the serum levels of human TTR in the two 
transgenic lines were similar, amyloid deposits were 
more prominent in the MT-hMet 30 line than in the 
0.6-hMet 30 line. The serum level of homotetramers 
composed of human variant TTR was expected to be 
higher in the MT-hMet 30 line than in the 0.6-hMet 30 
line, as a significant fraction of the human TTR pro- 
duced in the former derived from heart, skeletal mus- 
. cle, kidney, and lung, organs in which TTR is not 
normally synthesized. 8 We speculated, therefore, 
that the human variant homotetramers were more 
amyloidogenic than the mouse/human hybrid TTR 
tetramers. 8 This notion was supported by the obser- 
vations of McCutchen et al, 28 who reported that hu- 
man TTR Met 30 was more amyloidogenic than wild- 
type TTR, which in turn was more amyloidogenic 
than a variant TTR with a substitution of methionine 
for threonine at position 119 (TTR Met 119), a non- 
pathogenic variant in the Portuguese population. 
Moreover, the TTR Met 119 mutation appears to 
protect individuals who also carry the TTR Met 30 
mutation in different monomeric subunits within the 
TTR tetramer from developing amyloidosis. 29 This 
result suggested that amyloid deposits would be 
more prominent in the ttr 1 ' transgenic mice ex- 
pressing 6.0-hMet 30 than in the ttr +/ + transgenic 
mice expressing 6.0-hMet 30, because the serum 
level of the homotetramers composed of human TTR 
Met 30 should be significantly higher in the former 
than in the latter. However, we found no significant 
difference in the onset, progression, and tissue dis- 
tribution of amyloid deposition between the ttr 1 
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and ttr H+ transgenic mice carrying 6.0-hMet 30 (Ta- 
ble 1). Our observation is consistent with the finding 
that the age of onset and severity of clinical symp- 
toms of the FAP patients homozygous for the TTR 
Met 30 mutation are the same as those seen among 
FAP patients heterozygous for the mutation. 30 

The onset and progression of amyloid deposition 
between two independent lines of MT-hMet 30 trans- 
genic mice have been compared. 31 The serum level 
of human TTR Met 30 in one line was approximately 
5 mg/dl, ie, fivefold higher than the other. In good 
correlation with the serum levels of human variant 
TTR, amyloid deposits were more prominent in the 
former line than in the latter, 31 The serum levels of 
human TTR Met 30 were significantly higher in the 
transgenic mice used in the present study than in 
either of the MT-hMet 30 lines, and unlike the earlier 
study, there was no correlation between amyloid 
deposition and the serum levels of human TTR Met 
30 (Table 1). These findings suggest that, although 
variant TTR is necessary for amyloid deposition, con- 
centrations of variant TTR above a threshold serum 
level do not further enhance amyloid deposition. 

No amyloid deposits were detected in the periph- 
eral nervous tissues of transgenic mice expressing 
6.0-hMet 30 up to age 24 months. A specific inter- 
action between human variant TTR and the compo- 
nents) of peripheral nerve may be necessary for 
amyloid deposition in these tissues. Myelin P 2 pro- 
tein, a minor component of myelin, a structure unique 
to the nervous tissues, is specifically associated with 
TTR-derived amyloid fibrils from FAP patients 32 
Amyloid deposition in the peripheral nervous tissues 
might require a specific interaction between human 
TTR Met 30 and human myelin P 2 protein. Construc- 
tion of transgenic mice carrying and expressing both 
the human mutant ttr gene and human myelin P 2 
protein gene will aid in testing this hypothesis. 

Amyloid deposition in the gastrointestinal tract is 
more prominent in transgenic mice than in FAP pa- 
tients, and in the stomach of transgenic mice, it is 
more prominent in the nonglandular side than in the 
glandular side. 9 These observations suggest that the 
absence of amyloid deposition in peripheral nervous 
tissues of the transgenic mice might reflect fine an- 
atomic structural differences between mice and hu- 
mans, including the blood-nerve barrier. 33 

Immunohistochemical analysis of amyloid depos- 
its in the ttr~'~ transgenic mice carrying 6.0-hMet 30 
demonstrated that human TTR and mouse SAP are 
deposited as amyloid fibrils (Figure 2). We previously 
reported that amyloid deposits in ttr +/+ transgenic 
mice carrying 6.0-hMet 30 reacted with anti-mouse 
SAP antibody. 9 Because both variant and normal 




TTR are present in amyloid deposits of FAP p S 
tients 5 * 34 and we demonstrated the presence of 
mouse/human hybrid TTR tetramers in the serum of 
the transgenic mice, amyloid deposits in the ttr +/+ 
transgenic mice are likely to be composed of both 
human variant and mouse normal TTR. Thus, it was 
not clear whether mouse SAP bound to human vari- 
ant or mouse normal TTR in the amyloid deposits. 
Because the mice lack endogenous mouse TTR, the 
results described here clearly indicate that mouse 
SAP binds to human TTR-derived amyloid deposits. 
This observation is consistent with the report that 
SAP recognizes a protein conformation specific for 
amyloid fibrils. 35 

The introduction of 6.0-hMet 30 into the ttr /_ mice 
increased the total serum T 4 -binding capacity of 
ttr'- mice by 38% (Table 2), suggesting that TTR 
Met 30 homotetramers bind T 4 in vivo. The analysis of 
T 4 -binding proteins in the sera of ttr~ /_ transgenic 
mice confirmed the T 4 -binding ability of human TTR 
Met 30 homotetramers (Figure 4). Recombinant hu- 
man TTR Met 30 homotetramers have been reported 
to bind T 4 in vitro. 24 On the other hand, Rosen et al 36 
detected no T 4 bound to TTR Met 30 homotetramers 
in the serum of homozygous FAP patients. In hu- 
mans, thyroxine-binding globuiin is the major plasma 
carrier of T 4 , whereas TTR is the major carrier if. 
rodents 37 We think it likely that the T 4 -binding ability 
of TTR Met 30 homotetramers in the serum of ho- 
mozygous FAP patients is masked by thyroxine- 
binding globulin. In mice, thyroxine-binding globulin 
is much less abundant and has less affinity for T 4 
than in humans. The analysis of [ 125 l]T 4 -binding pro- 
teins in the serum of the ttr +/+ transgenic mice car- 
rying 6.0-hMet 30 provided direct evidence for the 
presence of mouse/human hybrid TTR .tetramers in 
the transgenic mice. It indicates, furthermore, that 
such hybrid tetramers bind T 4 . However, despite the 
increased number of circulating TTR molecules, the 
serum total T 4 -binding capacity of the ttr +/+ trans- 
genic mice carrying 6.0-hMet 30 was equivalent to 
the ttr +/+ nontransgenic mice. This finding suggests 
that the mouse/human hybrid TTR tetramer has less 
affinity for T 4 than the mouse TTR. 

The serum RBP levels of FAP patients heterozy- 
gous for the TTR Met 30 mutation are normal, 38 
whereas those of FAP patients heterozygous for the 
TTR Ser 84 mutation are significantly depressed. 39,40 
X-ray crystallographic analysis of the structure of the 
complex formed by TTR and RBP indicates that po- 
sition 84, but not position 30, of TTR is involved in the 
interaction with RBP. 41 The introduction of 6.0-hMet 
30 into the ttr _/ ~ mice increased the serum RBP level 
up to 86% of that of the wild-type mice (Table 2), 
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suggesting that human TTR Met 30 and mouse RBP 
form a complex. Formation of a complex in vitro be- 
tween TTR and RBP from different species has been 
reported 42 

The existence of mouse/human hybrid TTR tetra- 
mers in the serum of wild-type transgenic mice sug- 
gests that TTR may circulate as a hybrid tetramer 
composed of variant and normal TTR monomers in 
the serum of heterozygous FAP patients. Both variant 
and normal TTR are present in amyloid deposits of 
heterozygous FAP patients. 5,34 Whether TTR is 
present in the deposits as monomers, homotetra- 
mers, or hybrid tetramers is unknown. It has been 
proposed that the. TTR tetramer dissociates into a 
monomeric intermediate that self-assembles into 
amyloid fibrils 43 Analyses of mouse/human hybrid 
TTR tetramers in the serum or amyloid deposits of 
the transgenic mice should aid in elucidating the 
process of amyloid deposition. Such studies are now 
in progress. 

In the present work, we established a transgenic 
mouse model of TTR Met-30-associated homozy- 
gous FAP by introducing 6,0-hMet 30 into ttr' 1 ' mice 
generated through gene targeting. 12 The ffr~ /_ 
transgenic mouse carrying 6.0-hMet 30 has proved 
to be a better model than the wild-type transgenic 
mouse carrying 6.0-hMet 30 for studying the bio- 
chemistry of human TTR Met 30. The same approach 
should be useful in establishing mouse models of 
other variant TTR-associated FAP.. . 



l 








References 

1. Andrade C: A peculiar form of peripheral neuropathy: 
familial atypical generalized amyloidosis with special 
involvement of peripheral nerves. Brain 1952, 75:408- 
427 

2. Saraiva MJM: Transthyretin mutations in health and 
disease. Hum Mutat 1995, 5:191-196 

3. Tawara S, Nakazato M, Kangawa K, Matsuo H, Araki S: 
Identification of amyloid prealbumin variant in familial 
amyloidotic polyneuropathy (Japanese type). Biochem 
Biophys Res Commun 1983, 116:880-888 

4. Dwulet FE," Benson MD: Primary structure of an amyloid 
prealbumin and its plasma precursor in a heredofamil- 
ial polyneuropathy of Swedish origin. Proc Natl Acad 
Sci USA 1984, 81:694-698 

5. Saraiva MJM, Birken S, Costa PP, Goodman DS: Amy- 
loid fibril protein in familial amyloidotic polyneuropathy, 
Portuguese type: definition of molecular abnormality in 
transthyretin (prealbumin), J Clin Invest 1984, 74:104- 
119 

6. Ide M, Mita S, Ikegawa S, Maeda S, Shimada K, Araki 
S: Identification of carriers of mutant prealbumin gene 
associated with familial amyloidotic polyneuropathy 



Transqenic Mouse Model of Homozygous FAP 1507 

AJP April 1997, Vol. 150, No. 4 



type I by Southern blot procedures: study of six pedi- 
grees in the Arao district of Japan. Hum Genet 1986, 
73:281-285 " 

7. Wakasugi S, Inomoto T, Yi S, Naito M, Uehira M, 
Iwanaga T, Maeda S, Araki K. Miyazaki J, Takahashi K, 
Shimada K, Yamamura K: A transgenic mouse model 
of familial amyloidotic polyneuropathy. Proc Jpn Acad 
1987, 63(B):344-347 

8. Shimada K, Maeda S, Murakami T, Nishiguchi S, 
Tashiro F, Yi S, Wakasugi S, Takahashi K, Yamamura K: 
Transgenic mouse model of familial amyloidotic poly- 
neuropathy. Mol Biol Med 1989, 6:333-343 

9. Yi S, Takahashi K, Naito M, Tashiro F, Wakasugi S,- 
Maeda S, Shimada K, Yamamura K, Araki S: Systemic 
amyloidosis in transgenic mice carrying the human 
mutant transthyretin (Met 30) gene. Am J Pathol 1991, 
138:403-412 

10. Blake CCF, Geisow MJ, Swan ID, Rerat C, Rerat B: 
Structure of human plasma prealbumin at 2.5 A 
resolution: a preliminary report on the polypeptide 
chain conformation, quaternary structure and thyroxine 
binding. J Mol Biol 1974, 88:1-12 

11. Yamamura K, Wakasugi S, Maeda S, Inomoto T, 
Iwanaga T, Uehira M, Araki K, Miyazaki J, Shimada K: 
Tissue-specific and developmental expression of hu- 
man transthyretin gene in transgenic mice. Dev Genet 
1987, 8:195-205 

12. Episkopou V, Maeda S. Nishiguchi S, Shimada K, 
Gaitanaris GA, Gottesman ME, Robertson EJ: Disrup- 
tion of the transthyretin gene results in mice with de- 
pressed levels of plasma retinol and thyroid hormone. 
Proc Natl Acad Sci USA 1993, 90:2375-2379 

13. Nagata Y, Tashiro F, Yi S, Murakami T. Maeda S, Ta- 
kahashi K, Shimada K, Okamura H, Yamamura K: A 
6-kb upstream region of the human transthyretin gene 
can direct developmental, tissue-specific, and quanti- 
tatively normal expression in transgenic mouse. J Bio- 
chem 1995, 117:169-175 

14. Blake CCF, Geisow MJ, Oatley SJ, Rerat B, Rerat C: 
Structure of prealbumin: secondary, tertiary and qua- 
ternary interactions determined by Fourier refinement 
at 1.8 A. J Mol Biol 1978, 121:339-356 

15. Jaarsveld PP van, Edelhoch H, Goodman DS, Robbins 
J: The interaction of human plasma retinol-binding pro- 
tein and prealbumin. J Biol Chem 1973, 248:4698- 
4705 

16. Raz A, Shiratori T, Goodman DS: Studies on the pro- 
tein-protein and protein-ligand interactions involved in 
retinol transport in plasma. J Biol Chem 1970, 245: 
1903-1912 

17. Palha JA, Episkopou V, Maeda S, Shimada K, Gottes- 
man ME, Saraiva MJM: Thyroid hormone metabolism in 
a transthyretin-null mouse strain. J Biol Chem 1994, 
269:33135-33139 

18. Wei S, Episkopou V, Piantedosi R, Maeda S, Shimada 
K, Gottesman ME, Blaner WS: Studies on the metabo- 
lism of retinol and retinol-binding protein in transthyre- 



1508 Kohnoetal 

AJP April 1997, Vol. 150, No. 4 



21 



tin-deficient mice produced by homologous recombi- 
nation. J Biol Chem 1995, 270:866-870 

19. Isobe S, Nakane PK, Brown WR: Studies on transloca- 
tion of immunoglobulins across intestinal epithelium. I. 
Improvements in the peroxidase-labeled antibody 
method for applications to study of human intestinal 
mucosa. Acta Histochem Cytochem 1977, 10:161-171 

20. Nishtguchi S, Maeda S, Araki S, Shimada K: Structure 
of the mouse serum amyloid P component gene. Bio- 
chem Biophys Res Commun 1988, 155:1366-1373 
Mita S, Maeda S, Shimada K, Araki S: Cloning and 
sequence analysis of cDNA for human prealbumin. 
Biochem Biophys Res Commun 1984, 124:558-564 

22. Saraiva MJM, Costa PP, Goodman DS: Transthyretin 
(prealbumin) in familial amyloidotic polyneuropathy: 
genetical and functional aspect! Adv Neurol, 1988 48: 
201-210 

23. Navab M, Smith JE, Goodman DS: Rat plasma preal- 
bumin-metabolic studies on effects of vitamin A status 
and on tissue contribution. J Biol Chem 1977, 252: 
5107-5114 

24. Furuya H, Saraiva MJM, Gawinowicz MA, Alves IL; ' 
Costa PP, Sasaki H, Goto I, Sakaki Y: Production of 
recombinant human transthyretin with biological activ- 
ities toward the understanding of the molecular basis of 
familial amyloidotic polyneuropathy (FAP). Biochemis- 
try 1991, 30:2415-2421 

25. Pepys MB, Rademacher TW, Amatayakul-Chantler S, 
Williams P, Noble GE, Hutchinson WL, Hawkins PN, 
Nelson SR, Gallimore JR, Herbert J, Hutton T, Dwek 
RA: Human serum amyloid P component is an invariant 
constituent of amyloid deposits and has a uniquely 
homogeneous glycostructure. Proc Natl Acad Sci USA 
1994, 91:5602-5606 

26. Dickson PW, Howlett GJ, Schreiber G: Rat transthyretin 
(prealbumin): molecular cloning, nucleotide sequence, 
and gene expression in liver and brain. J Biol Chem 
1985, 260:8214-8219 

27. Murakami T, Onishi S, Nishiguchi S, Maeda S, Araki S, 
Shimada K: Acute-phase response of mRNAs for se- 
rum amyloid P component, C-reactive protein and pre- 
albumin (transthyretin) in mouse liver. Biochem Bio- 
phys Res Commun 1988, 155:554-560 

28. McCutchen SL, Lai Z, Miroy GJ, Kelly JW, Col6n W: 
Comparison of lethal and nonlethal transthyretin vari- 
ants and their relationship to amyloid disease. Bio- 
chemistry 1995, 34:13527-13536 

29. Alves IL, Saraiva MJM: Comparative catabolism and 
stability of TTR Met 30 and TTR Met 119. Neuromuscul 
Disord 1996, 6:S19 

30. Holmgren G, Bergstrom S, Drugge U, Lundgren E, 
Nording-Sikstorm C, Sandgren O, Steen L: Homozy- 
gosity for the transthyretin-Met30-gene in seven indi- 
viduals with familial amyloidosis with polyneuropathy 



detected by restriction enzyme analysis of amplified 
genomic DNA sequences. Clin Genet 1992, 41:39-41 

31. Yamamura K, Tashiro F, Wakasugi S, Yi S, Maeda S, 
Shimada K: Transgenic mouse model of autosomal 
dominant disease: familial amyloidotic polyneuropathy. 
Molecular Mechanisms of Aging. • Edited by K 
Beyreuther, G Schttler. Heidelberg, Springer-Verlag, 
1990, pp 146-154 

32. Martone RL, Benson MD, Herbert J: Myelin P2 protei- 
in transthyretin (Ser-84) vitreous amyloid. Amyloid and 
Amyloidosis 1990. Edited by JB Natvig, 0 Ferre, G 
Husby, A Husebekk, B Skogen, K Sletten, P Wester- 
mark. Amsterdam, Kluwer Academic Publishers, 1991, 
pp 655-658 

33. Wadhwani KC, Rapoport SI: Transport properties of 
vertebrate blood-nerve barrier: comparison with blood- 
brain barrier. Prog Neurobiol 1994, 43:235-279 

34. Benson MD, Dwulet FE: Identification of carriers of a 
variant plasma prealbumin (transthyretin) associatec 
with familial amyloidotic polyneuropathy type I. J Clin 
Invest 1985, 75:71-75 

35. Tennent GA, Lovat LB, Pepys MB: Serum amyloid P 
component prevents proteolysis of the amyloid fibrils of 
Alzheimer disease and systemic amyloidosis. Proc Natl 
Acad Sci USA 1995, 92:4299-4303 

36. Rosen HN. Moses AC, Murrell JR, Liepnieks JJ, Ben- 
son MD: Thyroxine interactions with transthyretin: a 
comparison of 10 different naturally occurring human 
transthyretin variants. J Clin Endocrinol Metab 1993. 
77:370-374 

37. Davis PJ, Spaulding SW, Gregerman Rl: The three 
thyroxine-binding proteins in rat serum: binding capac- 
ities and effects of binding inhibitors. Endocrinology 
1970, 87:978-986 

38. Saraiva MJM, Costa PP, Goodman DS: Studies on 
plasma transthyretin (prealbumin) in familial amyloid- 
otic polyneuropathy, Portuguese type. J Lab Clin Med 
1983, 102:590-603 

39. Benson MD, Dwulet FE: Prealbumin and retinoV binding 
protein serum concentrations in the Indiana type he- 
reditary amyloidosis. Arthritis Rheum 1983, 26:1493- 
1498 

40. Dwulet FE, Benson MD: Characterization of a transthy- 
retin (prealbumin) variant associated with familial amy- 
loidotic polyneuropathy type II (Indiana/Swiss). J Clin 
Invest 1986, 78:880-886 

41. Monaco HL, Rizzi M, Coda A: Structure of a complex of 
two plasma proteins: transthyretin and retinol-binding 
protein. Science 1995, 268:1039-1041 

42. Rask L: The vitamin A transporting system in porcine 
plasma. Eur J Biochem 1974, 44:1-5 

43. Colon W, Kelly JW: Partial denaturation of transthyretin 
is sufficient for amyloid fibril formation in vitro. Biochem- 
istry 1992, 31:8654-8660 



May 9-10, 

Update, San Fra 
Office of Continu 
Medicine, 1855 
Francisco, CA 9A 

May 13-16, 
New York, NY, h 
Medical School, 
Avenue, New Yc 
5293. 

May 13-17, 

Assessment of I 
more informatiot 
Disease Educate 
60611. Tel. 
skindef@aol.com 

May 18-21, I 
on Carcinoma in 
Aspects, Copenh. 
Rajpert-De Meyl: 
National Universit 
Copenhagen, D( 
Email erm@rh.dk. 

May 22-24, 
Pathology, San i 
contact: Office < 
California School 
CA 94143. T< 
inquire@ocme.ut 

June 3-6, 19; 
Applications, Rot 
American Type 
Parklawn Drive, I 
816-4364. 

June 7-12, i 
Health Care Eth 
contact: Kenned' 
571212, Washing 

June 15-19, 
Human Tumor I 
contact: Ortra U 
61500, Israel. 1 
ortra@trendline.c 

July 14-18, 

MD, USA. For t 
Rumsey Road 
410-730-3984; 
com. 

July 15-18, 

Hawaii, USA. Ft 
Education, Uni\ 
42nd Street. On 
5915. 



Announcemei 
to The Manag 



This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 



BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 



BLACK BORDERS 



TEXT CUT OFF AT TOP, BOTTOM OR SIDES 



FADED TEXT 



ILLEGIBLE TEXT 



SKEWED/SLANTED IMAGES 



COLORED PHOTOS 



BLACK OR VERY BLACK AND WHITE DARK PHOTOS 



GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



v ilillUlliL iilnA UHlHh u\\ik flluMI 

American Journal of Pathology, Vol 138, No. 2, February 1991 
Copyright © American Association of Pathologists 

Systemic Amyloidosis in Transgenic Mice 
Carrying the Human Mutant Transthyretin 
(Met30) Gene 

Pathologic Similarity to Human Familial Amyloidotic 
Polyneuropathy, Type I 
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To analyze the pathologic processes of amyloid de- 
position in type I familial amyloidotic polyneurop- 
athy (FAP), mice mere made transgenic by introduc- 
ing the human mutant transthyretin (TTR) gene. In 
these transgenic mice, amyloid deposition started in 
the gastrointestinal tract, cardiovascular system, and 
kidneys 6 months after birth and extended to various 
other organs and tissues with advancing age At age 
24 months, the pattern of amyloid deposition was 
similar to that observed in human autopsy cases of 
FAP, except for its absence in the choroid plexus and 
in the peripheral and autonomic nervous systems. 
Amyloid deposition was shown to be composed of 
human mutant TTR and, in addition, mouse serum 
amyloid P component These results clearly indicate 
that human variant TTR produced in transgenic mice 
deposits is a major component of amyloid fibrils in 
various organs and tissues Thus this animal model 
is useful for analyzing how amyloid deposition ini- 
tiates and proceeds in FAP. (Am J Pathol 1991, 
138:403^12) 



ilar cases have been reported in various countries. It is 
classified by clinical workup into at least four types: type 
I (Andrade type), type II (Rukavina type), type III (Van 
Allen type), and type IV (Meretoja type). 3 Previous studies 
demonstrated that amyloid precursor protein in FAP type 
I and II is immunologically related to a serum protein, 
prealbumin, recently named transthyretin (TTR). 4 Further- 
more biochemical analyses revealed that these amyloid 
deposits consist of variant TTR molecules. 5 So far six dif- 
ferent types of variant TTR molecules have been identi- 
fied and shown to form amyloid deposits in FAP. 6 

Type I FAP predominates over the other clinical types 
in Japan. Several families of FAP patients reported in Ku- 
mamoto and Nagano prefectures 7,8 are classified as 
type I, like FAP patients in Portugal 9 and Sweden. 10 Al- 
though the average age at onset differs significantly be- 
tween Japanese, Portuguese, and Swedish patients, the 
pathologic distribution of amyloid deposition is similar. 
Amyloid deposition usually occurs in the peripheral and 
autonomic nerve tissues, cardiovascular system, kid- 
neys, thyroid, or small and large intestines: 11 --^ In all 
Japanese, 5 Portuguese, 9 or Swedish 10 patients with type 
I FAP, biochemical studies revealed that the major com- 
ponent of the amyloid deposits is a variant TTR with a 
single amino acid substitution of valine for methionine at 
position 30 (hMet30). Recent molecular biologic studies 
demonstrated one base change from G to A in the mu- 
tant TTR gene corresponding to the single amino acid 
substitution at position 30. 13,14 The presymptomatic di- 
agnosis of FAP became possible by the detection of this 
variant TTR in the serum or the mutant TTR gene in the 



Familial amyloidotic polyneuropathy (FAP) is a heredofa- 
milial amyloidosis transmitted by an autosomal dominant 
trait, occurring in middle-aged adults, and running a le- 
thal clinical course. 1 Since the first description of Portu- 
guese patients with FAP by Andrade in 1 952, 2 many sim- 
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chromosome. 15 All FAP patients examined so far carried 
at least one mutant TTR gene, suggesting that this dis- 
ease is mainly caused by the presence of the mutant TTR 
gene. However it remains unclear why the age at onset, 
clinical manifestation, and degree of amyloid deposition 
in various tissues vary so much from one case to another. 

To elucidate the pathologic processes of amyloid de- 
position in FAP, we produced transgenic mice by the 
introduction of the human mutant TTR gene and found 
systemic amyloidosis in them. 1 6 This paper describes the 
patterns of amyloid deposition obtained from our histo- 
chemical, immunohistochemical, and ultrastructural stud- 
ies and their similarity to human FAP. 



Materials and Methods 

Production of Transgenic Mice 

An inbred strain of mouse, C57BU6, was chosen for DNA 
microinjection to minimize the possible influence of ge- 
netic background on amyloid deposition, A chromosom- 
al DNA segment covering the entire sequence for the 
mutant TTR gene associated with type I FAP was cloned 
as described previously. 13 The 7.8-kilobase pair Stul- 
EcoRI fragment was constructed by ligating the promoter 
region of the mouse methallothionein-l (MT-I) gene to the 
entire structural gene of the human mutant TTR gene 

(MT-hMet30). 16 

Approximately 200 copies of these constructs (MT- 
hMet30) were microinjected into fertilized eggs of C57BL7 
6 mice according to the method described elsewhere. 17 
Four of twelve mice derived from eggs microinjected with 
the MT-hMet30 gene integrated it, as revealed by South- 
ern blot analysis. These transgenic offspring were used in 
the following studies and were kept in plastic cages in our 
laboratory according to the guidelines of the Ministry of 
Education. They were bred by brother x sister mating. 

DNA Isolation and Southern Blot Analysis 

When the mice were 4 weeks old, genomic DNAs were 
extracted from a piece of tail and used for Southern blot 
analysis to examine whether the MT-hMet30 gene had 
integrated into the mouse chromosome. 18 

Western Blot Analysis 

To analyze the production of human TTR in the mice, 
blood was taken from each transgenic mouse before 
they were killed and the sera were analyzed by Western 
blot assay. 



Preparation and Fixation of Tissues 

Transgenic mice were killed using ether anesthesia at 
3-month intervals up to 24 months after birth. At each time 
point, we examined two to six transgenic mice and ex- 
cised the heart, kidneys, spleen, liver, lungs, pancreas, 
stomach, small and large intestines, urinary bladder, thy- 
roid gland, lymph nodes, bone marrow, sciatic nerves, 
autonomic nerves, and brain. For light microscopy, tis- 
sues were fixed in 10% neutral buffered formalin and em- 
bedded in paraffin. Paraffin sections were used for histo- 
chemistry. For immunohistochemistry, part of the tissues 
were fixed in periodite-lysine-paraformaldehyde (PLP) fix- 
ative for 4 hours and cut by a cryostat (Bright; Hunting- 
don, UK). Small tissue blocks were obtained from the 
heart, kidneys, small intestine, and sciatic nerve, fixed in 
chilled 2.5% glutaraldehyde in 0.1 mol/l (molar) cacodyl- 
ate buffer for 60 minutes, and submitted to electron mi- 
croscopy. 



Light Microscopy and Histochemistry 

For light microscopy, paraffin sections were stained with 
hematoxylin and eosin. Semithin sections were cut from 
Epon-embedded blocks for electron microscopy and 
stained with 0.05% toluidine blue. For histochemical 
demonstration of amyloid, paraffin sections were stained 
by the Congo red method and some were treated with 
potassium permanganate (KMn0 4 ) before Congo red 
staining according to Wright's method. 19 To detect the 
emerald green birefringence emitted from amyloid de- 
posits, the Congo red-stained paraffin sections were ob- 
served under a polarization microscope. 



X. 

Immunohistochemistry 

For immunohistochemical demonstration of the major 
components in amyloid deposits, formalin-fixed paraffin 
sections or PLP-fixed cryostat sections were immuno- 
stained by the avidin-biotin complex (ABC) method using 
polyclonal and monoclonal antibodies. The antibodies 
were anti-human TTR (Behringwerke; Marburg, FRG), 
anti-human serum amyloid A (SAA) (Dako; Santa Bar- 
bara, CA), anti-human serum amyloid P component 
(SAP) (Dako), anti-mouse SAA (supplied by Prof. S. Mig- 
ita, Cancer Research Institute, Kanazawa University, Ja- 
pan), and anti-mouse SAP (Behring Diagnostics; La Jolla, 
CA). 
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Electron Microscopy 

After glutaraldehyde fixation, tissue blocks were post- 
fixed in 2% osmium tetroxide for 60 minutes, dehydrated 
in a graded series of ethanots, and embedded in Epok- 
812 (Oken; Tokyo, Japan). The blocks were cut by an 
ultrotome Nova (LKB, Upssala, Sweden), stained with 
uranyl acetate and lead citrate, and observed with an 
H-300 or 12-A electron microscope (Hitachi; Tokyo, Ja- 
pan). 



Results 

Transgenic Mice 

Transgenic mice showed normal appearance and good 
development in all lines until age 12 months. After age 15 
months, hair became coarse in two lines, but no muscular 
atrophy or gait disturbance was found. Southern blot 
analysis indicated that the copy numbers of the inte- 
grated MT-hMet30 genes varied from 2 to 30 per diploid 
genome. The concentrations of the human mutant TTR in 
the blood varied among the mice and ranged from 1 to 5 
mg/dl, one tenth to one half of that in FAP patients (Figure 
1). When the mice were killed, no inflammatory lesions, 
such as pulmonary abscess or parasitic infestation, were 
found in any of these mice. 



Amyloid Deposition . 

Table 1 shows the occurrence and degree of amyloid 
deposition in various tissues of the transgenic mice. Amy- 
loid deposition was first found in the small intestine, stom- 
ach, and renal glomeruli at 6 months, and it occurred 



invariably in the gastrointestinal tract, kidneys, heart, and 
thyroid at 12 months and thereafter. 

In the gastrointestinal tract, amyloid deposits oc- 
curred predominantly in the mucosa of the small intes- 
tine, particularly the terminal ileum. Amyloid deposition 
there was marked in the lamina propria of the intestinal 
villi and submucosal layer, and it occurred in or around 
the walls of small blood vessels later (Figure 2a and b). 
Electron microscopically, amyloid deposits were ob- 
served to consist of clusters of amyloid fibrils approxi- 
mately 7 to 10 nm wide that varied in length, findings 
consistent with human FAP 1 1 ,12 or other types of amyloid- 
osis (Figure 3). 20 In the initial stage, amyloid deposits 
were observed in the propria mucosa at the top of the 
intestinal villi, particularly beneath the epithelial cells. Also 
they were found in the basal area of the lamina propria, in 
the muscularis mucosae, and in the submucosa In the 
submucosa, amyloid deposition occurred in the connec- 
tive tissue and around small blood vessels. In the ad- 
vanced stage, diffuse amyloid deposition was found in 
the mucosa, muscularis mucosae, submucosa, and sub- 
serosa. 

In the wall of the stomach, amyloid deposits first oc- 
curred in the lamina propria of the ridge and were found 
in the submucosa, particularly the nonglandular part. In 
the large intestine, amyloid deposited in the submucosa 
of the cecum and anal ring. 

In the kidneys, amyloid deposits occurred exclusively 
in the glomeruli at the initial stage, later involving the renal 
interstitium. Figure 4 shows the degree of amyloid depo- 
sition in the glomeruli. At age 6 months, slight amyloid 
deposits first were detected in the mesangial areas of 
about 10% of glomeruli. At 18 months, most of the glom- 
eruli were affected by increased amyloid deposition. After 
21 months, nearly 1 00% of the glomeruli were obliterated 
completely by massive amyloid deposits (Figure 2c and 

d). Ultrastructurally amyloid fibrils first were detected in 

> 



Figure 1 . Western blot analysis showing levels 
of expression of the MT hMet30 gene in sera of 
transgmic mice. The size of the molecular 
weight in kilodaltons is indicated on the right of 
the panel The arrow on the left indicates loca- 
tion of the human TTR monomer. Variable 
amounts of the human TTR were detected in the 
sera from all transgenic mice with amyloid de- 
posits. Lane h, 0.5 yJ of human serum; lane c, 1 
\U of control mouse serum; lanes 1, 2, 3, 4, and 
5, 1 \xJof serum from each transgenic mouse at 
12 months of age. 
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Table 1. Tissue Distribution of Amyloid Deposits in Transgenic Mice Carrying the MT-hMet30 Gene and Autopsy Cases of 
FAP n Determined Histochemically 



Organs 






Transgenic mice: age examined (months) 




Autopsy cases 
of FAP 


3 


6 


9 12 


15 


18 


21 


24 


Brain 


















Choroid plexus 
















+ + 


Sciatic nerve 
















+ + + 


Heart 






+ 


+ + 




+ + 


+ + + . 


+ + + 


Lung 














± 




Liver 












± 






Spleen 














± 


± 


Kidney 




+ 


+ 




+ + 


+ + + 


+ + + 


+ + + 


Pancreas 
















+ 


Thyroid gland 






+ 


+ 


+ + 


+ + 


+ + + 


+ + + 


Stomach 




+ 


+ + 


+ + 


+ + 


+ + 


+ + + 


+ 


Intestine 




+ 


+ + 


+ + 


+ + + 


+ + + 


+ + + 


+ 


Lymph node 
















± 



Amyloid deposits are absent, - ; limited to the wall of small vessels, ±; observed in the wall of small vessels and their surrounding regions, 
+ ; moderate in the interstitium; + + ; marked in the interstitium and parenchyma, + + + . 
FAP, familial amyloidotic polyneuropathy. 



the matrix around the mesangial cells or beneath the en- 
dothelial cells of glomerular capillaries. With age, the 
amount of amyloid fibrils increased and their clusters 
were observed in the lamina rara interna between the 
basal lamina and endothelial cells. At the advanced 
stage, clusters of amyloid fibrils were deposited mas- 
sively in almost all parts of the mesangial matrix of glom- 
eruli; the mesangial cells were swollen and the glomeru- 
lar epithelial cells showed fusion of their foot processes 
(Figure 5). In the renal interstitium, amyloid deposition 
was found in the cortex after age 21 months but not in the 
medulla. Electron microscopically, amyloid deposition 
was observed to be particularly dense around the renal 
tubules. 

In the cardiovascular system, amyloid deposits were 
marked. At age 12 months, slight, patchy amyloid depo- 
sition occurred in the subendocardial layer and in the 
superficial myocardium. Ultrastructurally clusters of amy- 
loid fibrils in the superficial myocardium were observed 
initially around small blood vessels (Figure 6). After 18 
months, amyloid deposits coalesced and became dif- 
fuse in the subendocardial layer and superficial myocar- 
dium (Figure 2e and f). At 24 months, the deposition ex- 
tended to the deeper areas of the myocardium. On elec- 
tron microscopy, myocardial ceils showed atrophy and 
degenerative changes due to massive amyloid deposits. 

In the vascular system, initial amyloid deposits were 
observed electron microscopically around blood capillar- 
ies or venules. Around the blood capillaries, deposits 



were observed beneath the basal lamina, extending to 
the perivascular region. Amyloid deposition in the arterial 
wall occurred mostly in the advanced stage, particularly 
in the adipose tissues and gastrointestinal tract. Also vas- 
cular amyloid deposition was found in the salivary 
glands, testes, lungs, and liver at age 15 months, and 
later in the pancreas, skeletal muscles, and splenic tra- 
becles. 

In the thyroid gland, amyloid deposits occurred 
around the interfollicular blood capillaries at 12 months, 
increased with age, and became prominent at 24 
months. In the advanced stage, the thyroid follicles were 
. compressed by marked interstitial amyloid deposition 
(Figure 2g and h). 

In all the transgenic mice, no amyloid deposition was 
detected in the brain, choroid plexus, peripheral nerves, 
or in the hematopoietic tissues such as the bone marrow, 
spleen, liver, or lymph nodes. In the nontransgenic mice, 
no amyloid deposition was confirmed in any tissues ex- 
amined up to age 24 months. 



Histochemical and Immunohistochemical 
Features of Amyloid Deposits and 
Localization of Anti-human TTR in the 
Transgenic Mice 

Amyloid deposits in the transgenic mice were stained 
with Congo red, showed resistance to treatment KMn0 4 



Figure 2. Light microscopic changes of principal organs in the transgenic mouse carrying the MT-hMet30 gene, a, b: Amyloid deposits of the 
terminal ileum at 12 months of age. Amyloid deposits were marked in the villous stroma and around the small vessels (*50). c, d : Amyloid 
deposits of the kidney at 24 months of age. Alt of the renal glomeruli were replaced by massive amyloid deposition C*25). e, f: Amyloid 
deposits of the heart at 18 months of age. Amyloid deposits were marked around the myocardial fibers (x60). g, h: Amyloid deposits of the 
thyroid gland at 24 months of age. Amyloid deposits were marked in the interstitium (X25). (a, C, e, and g, Congo red and hematoxylin; 
b, d, f, and h, identical area viewed under polarizing light.) 
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by Wright's method, 18 and emitted an emerald-green bi- 
refringence under polarized light. By the ABC method, 
the amyloid deposits reacted with anti-human TTR (Fig- 
ure 7a) and anti-mouse SAP (Figure 7b) antisera, but not 
with anti-mouse SAA, anti-human AA ( or anti-human SAP 
antisera. 

In the transgenic mice, liver cells, ductal epithelia of 
the salivary glands, pancreatic exocrine cells, epithelial 
cells of renal tubules at the proximal convulsion, myocar- 
dial cells, and part of the skeletal muscle cells showed 
immunoreactivity with anti-human TTR, but the epithelial 
cells of the choroid plexus were nonimmunoreactive. 

The nontransgenic C57BL/6 mice demonstrated no 
immunoreactivity with anti-human TTR in any kind of cell. 

Discussion 

tn this paper we demonstrated clearly that hMet30 could 
be deposited as amyloid fibrils in transgenic mice carry- 
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Figure 4 Time course of amyloid deposits in renal glomeruli 
Glomeruli involved in amyloid deposits suddenly increased after 
age 12 months. Renal amyloid deposition was expressed as the rate 
of affected glomeruli to total glomeruli on a section. Each point 
represents mean ± SD. 



Figure 3. Electron micrograph of submucosal 
tissue in the terminal ileum of the transgenic 
mouse at 12 months of age. Clusters of amyloid 
fibrils were found among collagen fibers (aster- 
isk) in the extracellular space, but not in the 
cytoplasm of fibroblasts (* 15,000). Inset: 
Higher magnification of amyloid fibrils. Amy- 
loid fibrils measured approximately 7 to 10 nm 
in width (*40,000). 

ing the human mutant TTR gene (MT-hMet30). Amyloid 
deposition occurred predominantly in the intestinal mu- 
cosa, renal glomeruli, myocardium, small vascular walls, 
and thyroid. With age, amyloid deposition became 
marked and was found in various other organs and tis- 
sues, except for the nervous tissues. The possibility of the 
development of age-associated amyloid deposition in 
transgenic mice can be ruled out for the reasons de- 
scribed below. 




Figure 5. Electron micrograph of a renal glomerulus in the trans- 
genic mouse at age 21 months. Amyloid fibrils (asterisk) were 
found in the mesangial matrix (x 17, 000). 
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Figure 6. Electron micrograj)b oj the myocardium in the trans- 
genic mouse at age 12 months. Amyloid'jibrits (asterisk) were ob- 
strtvtf around small blood vessels fx 1 7,000). CA, capillary lumen; 
M!\ myoatrdial fibers. 



Senile amyloidosis is known to occur spontaneously in 
various strains of mice, including C57BL mice, and to 
involve the spleen, liver, heart, kidneys, or gastrointestinal 
tract. 21 " 26 In senile amyloidosis, renal amyloid deposition 
occurs mainly in the renal papilla or interstitium, and glo- 
merular involvement is slight or absent 21-25 In senile am- 
yloidosis of C57BL mice, amyloid deposition was re- 
ported to occur in the renal papilla in 50% of the animals 
at age 18 months and to involve the spleen, particularly 
around the white splenic pulp; however glomerular amy- 
loid involvement is slight 21 By contrast, in transgenic 
mice amyloid deposition is prominent in the renal glom- 
eruli but slight or absent in the spleen or liver. Compared 
to the development of spontaneous senile amyloidosis in 
mice, 22 in transgenic mice amyloid deposition occurs at 
least 6 months earlier. Another definitive difference in- 
volves amyloid precursor protein. Although the amyloid 
precursor protein in human senile amyloidosis is also 
TTR 27,28 it has not been determined yet in mice. Non- 
AA 24 or apoprotein A II (Pro^GIn) 29 have been men- 
tioned. In transgenic mice, however, we demonstrated 
clearly that the amyloid precursor protein is human vari- 
ant TTR. In the following section, four subjects will be 
discussed in relation to the pathologic similarity and dis- 
similarity between the transgenic mice and human FAP 
autopsy cases. 



Figure 7. Amyloid deposits in renal glomeruli showing positive 
staining with anti-human TTR (a) and anti-mouse SAP ibSantisera 
(ABC method, xioo). 

First the pathologic changes of the transgenic mice 
correlate well with those reported in previous pathologic 
studies of FAP. 30 " 32 Some of the present authors recently 
reported in nine autopsy cases of type I FAP that amyloid 
deposition occurred predominantly in the cardiovascular 
system, peripheral and autonomic nervous system, chor- 
oid plexus, kidneys, thyroid, and gastrointestinal 
tract. 11 12 However it was slight or minimal in the pan- 
creas, bone marrow, spleen, lymph nodes, or liver, and 
absent from the brain parenchyma. The major sites and 
pattern of amyloid deposition in the transgenic mice are 
similar to these human autopsy cases, except for the pe- 
ripheral and autonomic nervous tissues. In the mice, car- 
diac amyloid deposition initially occurs in the suben- 
docardial layer and in the superficial areas of myocardi- 
um, and then it extends deeper into the cardiac wall. This 
pattern is similar to that in the heart of human cases con- 
firmed by our pathologic study. 11,12 In the kidneys of 
transgenic mice, amyloid deposition first occurred in the 
mesangial areas of the glomeruli. The number of involved 
glomeruli and the grade of glomerular involvement in- 
creased with age and amyloid deposition was found 
around the renal tubules in advanced age. These find- 
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ings also are almost consistent with those reported in 
autopsy cases of type 1 FAP. 1 1,12,31 Amyloid deposition 
in the thyroid gland of transgenic mice is prominent and 
its pattern closely resembles that of human cases of 
FAP. 1 1,12 

On the other hand, in the gastrointestinal tract of trans- 
genic mice, amyloid deposition is more prominent than in 
the human autopsy cases of FAP and occurs predomi- 
nantly in the mucosa of the terminal ileum, in the gastric 
submucosa at the ridge of the nonglandular part, and 
around the anal ring. In the mouse, the stomach is di- 
vided into two parts, the left nonglandular side and the 
right glandular side, by the U-shaped ridge. This ridge is 
formed by a thickened lamina propria. Unexpectedly 
amyloid deposition is more prominent in the nonglandular 
side, including the ridge, than in the glandular side. A 
similar pattern of amyloid deposition was observed 
around the anal ring: it was more prominent under the 
squamous epithelium than the glandular epithelium. It is 
interesting to note that such a peculiar pattern of amyloid 
involvement in the stomach of transgenic mice is also 
found in spontaneous senile amyloidosis of mice. 22,23 
These results suggest that the difference of amyloid de- 
position in the alimentary tract between transgenic mice 
and FAP patients is due to the difference in anatomic 
structure and that such microenvironments, including the 
fine anatomic structure or local blood flow, are involved in 
the amyloid deposition. 

One important question is how the amyloid deposition 
initiates and proceeds in the early stage of FAP. So far 
there has been no clear data on this subject, partly be- 
cause detailed pathologic tissue analysis is only possible 
at autopsy. By that time a large amount of amyloid usually 
has accumulated in many tissues, as discussed earlier. 
The main target tissues for amyloid deposition in FAP 
patients are not the liver and the choroid plexus where the 
hMet30 gene is expressed. This suggests that hMet30 is 
transported via blood or lymphatic circulation into tissues 
to deposit as a major amyloid component in loco. Trans- 
genic mice presented here made it possible to analyze 
the initial stage of amyloid deposition. As expected, amy- 
loid deposition initiates around blood capillaries and ex- 
tends to the perivascular region. From this point of view, 
it is reasonable that amyloid deposition is most prominent 
in tissues with a rich blood supply, such as kidneys, 
heart, and thyroid glands. Although the MT-hMet30 gene 
is expressed in a variety of tissues, the distribution pattern 
of amyloid deposition is not related to the tissue specific- 
ity of the MT-hMet30 gene expression. 33 This finding is 
consistent with the notion that amyloid fibrils are derived 

from the blood. 

It is a well-known fact that SAP is a minor component 
of all types of amyloidosis. 34-36 Although its role in amy- 
loid deposition has not been elucidated clearly yet, SAP 



is known to exist in the sera of various mammalian spe- 
cies and to have a binding capacity to specific ligands in 
the presence of calcium. 37 In our transgenic mice, a con- 
comitant deposition of mouse SAP was demonstrated im- 
munohistochemically in almost all amyloid deposits. 
These results suggest that the pathologic role of mouse 
SAP is the same as that of human SAP, although SAP is 
a typical acute-phase reactant in mice but not in humans. 
Further investigation is needed to determine whether SAP 
is involved in the initiation or acceleration of amyloid de- 
position. 

Although the most striking pathologic feature of FAP is 
amyloid deposition in the peripheral and autonomic ner- 
vous tissues, no amyloid deposition was observed in the 
nervous tissues of the transgenic mice examined up to 
age 24 months. In all the autopsy cases of FAP, we also 
observed marked amyloid deposition in the choroid 
plexus and substantiated the histochemical localization 
of human TTR in the choroid plexus epithelial cells. 11 ' 12 
The choroid plexus and liver are considered the major 
sites of human TTR production. 38 If we consider the fact 
that the peripheral nerve is open-ended with respect to 
the subarachnoid space, 39 we can speculate that the 
production of human variant TTR by the choroid plexus 
epithelia is related to amyloid deposition in the peripheral 
nerve tissues. In the transgenic mice, however, we dem- 
onstrated immunohistochemically little or no production 
of human TTR in the epithelial cells of the choroid plexus. 
This could be the reason for the absence of amyloid de- 
position there and in the peripheral and autonomic ner- 
vous system in transgenic mice. A second possibility is 
the low-level expression of the hMet30 gene in these 
transgenic mice. To provide more definite evidence for 
this speculation, we are making mice transgenic that pro- 
duce a high level of hMet30 in the epithelial cells of the 
choroid plexus. A third possibility lies in the characteristic 
metabolic features of the mousejtsejf. For example, a 
mutant mouse deficient for the enzyme irtpyrine metat> 
olism, hypoxanthine-guanine phosphoribosyl transferase 
(HPRT), was produced; 40,41 however no symptoms have 
developed yet in this mouse. In humans HPRT deficiency 
causes severe neurologic disorder and hyperuricemia 
(Lesch-Nyhan syndrome). Interestingly degenerative 
changes in the peripheral nerve tissues before amyloid 
deposition were reported in FAP patients. 11,12 Thus an- 
other intrinsic factor(s) may be involved in amyloid depo- 
sition in the nervous tissues of FAP. 
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against amyloid p protein (Ap) or amyloid precursor pro- 
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In accordance with the present invention, soluble APP 
can be accurately assayed. Additionally, an assay sys- 
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tern composed of a monoclonal antfoody recognizing 
the N-terrrinus of Ap and a monoclonal antibody recog- 
nizing soluble APP in combination can definitely diag- 
nose the presence or absence of Alzheimer disease. 



REACTION SITES OP (Z-APP AM) ^-APP SECRETORY ENZYMES 




rIaStion SITE OF tf-APP 
SECRETORY ENZYME 
671/672 

REACTION SITE OF S-APP 

SECRETORY ENZYME r 



CO 
00 



Q. 

UJ 



Printed by Rank Xerox (UK) Business Services 
2.14 8/3.4 



EP 0 783 104 A1 



Description 

Detailed Description of the Invention 

Field of the Invention s 

The present invention relates to an assay system of 
amyloid precursor protein (sometimes referred to as 
"APP" hereinbelow), in particular soluble amyloid pre- 
cursor protein (sometimes referred to as "sAPP" herein- 10 
after). 

The substance sAPP is involved in the generation 
of amyloid p protein (sometimes referred to as "Ap" 
hereinafter) as a component of senior plaque frequently 
observed in patients with Alzheimer disease. The is 
present invention is highly promising as a useful diag- 
nostic system for Alzheimer disease. 

Prior Art 

20 

Alzheimer disease, one of the diseases involving 
dementia due to the denaturation of nervous cells, is 
observed in the early stage of aging and thereafter, and 
therefore, the disease has been drawing social con- 
cerns in recent years with the increase in the aged pop- 25 
ulation. A great number of senior plaque is observed in 
the brain of Alzheimer patients, and the senior plaque is 
primarily composed of Ap. 

A part of the amyloid precursor protein (APP) is 
cleaved at the proximity of the cell transmembrane 30 
region with an APP secretory enzyme to generate Ap. 
which is a protein of 39 to 43 amino acids. Fig. 1 sche- 
matically depicts the site of the membrane-binding type 
APP with which the APP secretory enzyme reacts. 

a- and p- APP secretory enzymes cleave APP at the 35 
sites shown in the figure to discharge a-sAPP and p- 
sAPR respectively, outside the cells. It is suggested that 
after discharge of sAPP, the C-ter minus of APP, left on 
the cell membrane, is incorporated into the inside of the 
cells and is then decomposed with lysozyme. For 40 
processing with the p-APP secretory enzyme, the entire 
length of Ap remains on the cell membrane so that the 
entire length of Ap is secreted through the decorrposi- 
tion with lysozyme. For processing with the a -APP 
secretory enzyme, alternatively, the amino add 45 
sequence of the first to the 16-th amino acids from the 
N-terminus of Ap is released as a part of sAPP. There- 
fore, the complete form of Ap is not secreted. In other 
words, because of the processing of APP with the a- 
APP secretory enzyme, APP is metabolized with no so 
generation of Ap which is the component of senior 
plaque. 

Fig. 2 depicts the amino acid sequence of Ap(1-40), 
composed of 40 amino acids. In the figure, the arrow 
shows the cleavage site between the 16th amino acid 55 
(Lys) and the 17th amino acid (Leu) from the N-termi- 
nus. 

Herein, APP is present in various isomers, primarily 
including APP 770 described above. APP 751 similarly 



carrying the Knitz-type protease inhibitor region (KPI 
region), and APP 695 without the KPI region, all of them 
being known. In accordance with the present invention, 
the term "APP" includes alt these isomers, but APP 770 
is used as one representative example hereinbelow to 
describe the present invention. 

A method for assaying sAPP comprising the combi- 
nation of Western blotting and immunostaining by the 
use of antibody and measuring the spot detected on the 
blotting membrane by means of a scanner, has been 
examined. From the respect of antibody reactivity, the 
substance herein assayed is possibly the total of a- 
sAPP and p-sAPP, but no apparent difference has been 
found between the sAPP level in clinical samples from 
normal subjects and that level in samples from Alzhe- 
imer patients. 

Lannfeld et al. recently carried out the assay of a- 
sAPP by using the combination of Western blotting and 
immunostaining by using an antibody reactive with the 
amino acid sequence of the first to the 15-th amino 
acids of Ap. Consequently, they indicated that a-sAPP 
might possibly serve as a highly specific diagnostic 
marker of Alzheimer disease, because the level of a- 
sAPP is significantly lower in the cerebro-spinal fluid of 
a carrier group with the variation in the amino acid 
sequence of APP 670/671 known as one of the genetic 
variants as the etiology of familial Alzheimer disease 
than the level in the cerebro-spinal fluid of a normal 
group (Lannfeld L et al. t Nature medicine 1, 829-832 
(1995) ). However, the assay procedure in the report is 
very complex, comprising electrophoretic separation of 
a sample as described above, transfer of the protein on 
a membrane by Western blotting, immunostaining with 
an antibody and the detection and assay of a-sAPP by 
means of a scanner. 

Problems to be Solved by the Invention 

It is believed that sAPP, in particular a-sAPP from 
the cleavage with the a- APP secretory enzyme, may 
potentially be a marker effective for diagnosis of Alzhe- 
imer disease, but because the sAPP assay procedure 
by means of the combination of Western blotting and 
immunostaining with an anttoody as described above is 
very complex, the sAPP assay is not suitable for practi- 
cal use. Thus, the inventors have established an sAPP 
assay system capable of assaying sAPP in a simple 
manner by using an antibody against sAPP. The assay 
system provides a practical method for diagnosis of 
Alzheimer disease. 

Brief Description of Drawings 

Fig. 1 depicts the reaction sites of Apwfth a- and p- 
APP secretory enzymes; 

Fig. 2 depicts th amino acid sequence of Ap (1- 
40); and 

Fig. 3 shows th results of sAPP assay. 
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Means for Solving the Problems 

So as to overcome the problems described above, 
the present inventors have made investigations to pre- 
pare a plurality of antibodies against sAPP and estab- s 
lish the immunoassay of sAPP by means of their 
combinations. 

The preparation of antibodies to be used for such 
assay is carried out according to already known meth- 
ods. More specifically; immunizing an animal with an to 
immunogen sAPP or a peptide having a part of the 
amino acid sequence of sAPP, a polyclonal antibody 
having the reactivity with sAPP is generated in the 
serum. More preferably, resecting the spleen of the 
immunized animal, hybridizing an antibody-generating is 
cell contained in the spleen with a myeloma cell to pre- 
pare a hybridoma followed by cloning, a homogeneous 
monoclonal antibody can be recovered at a large scale. 

The immunogen to be used for immunizing animals 
is purified from the culture supernatant of an estab- 20 
lished cell line from a human nervous cell; otherwise, a 
part of human APP is prepared by peptide synthesis on 
the basis of the well known amino acid sequence of 
human APP, which is then used as such immunogen. 

Animals such as goat sheep, horse, rabbit rat and 25 
mouse are used for immunization. So as to prepare a 
monoclonal antibody, generally, mouse or rat is used 
from the respect of the compatibility with myeloma cells 
for fusion. 

For immunization, an immunogen may be mixed so 
with a variety of adjuvants so as to promote immune 
response; particularly when a synthetic peptide is to be 
used as such immunogen, the peptide preliminarily 
should be cross-finked with carrier proteins such as 
BSA (bovine serum albumin) and KLH (keyhole limpet ss 
hemocyanine) for such use. 

The preparation of a hybridoma generating a mon- 
oclonal antibody is carried out according to the method 
described in Kbehler, Q. and Milstein, C, Nature 256, 
495 (1975). More specifically, a splenocyte resected *o 
from an immunized animal is mixed and fused with a 
myeloma cell in the presence of polyethylene glycol. 
The hybridoma generated is selectively grown in a HAT 
medium (containing 1 x 10" 4 M hypoxanthine, 4 x 10* 7 M 
aminopterin, and 1.6 x 10/ 3 M thymidine), and the cell 45 
involving the secretion of an antibody into the culture 
supernatant under observation is doned by the limited 
dilution method. 

The thus prepared hybridoma can generate a mon- 
oclonal antfcody from the culture supernatant or the so 
ascites fluid recovered from the transplant of the hybrid- 
oma into the animal from which the myeloma cell is 
derived. 

The anti-serum of the immunized animal, the cul- 
tur supernatant of th hybridoma, and th antibody 55 
from the ascites fluid may be purified by known purifica- 
tion methods such as ammonium sulfate salting out, ion 
exchange chromatography, and affinity chromatogra- 
phy. 
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The immunoassay of sAPP in accordance with the 
present invention comprises immobilizing one antibody 
onto an insoluble carrier, capturing a subjective assay- 
ing substance in a sample onto the antibody, thereafter 
reacting the other labeling substance-bound antibody 
with the subjective substance and detecting the activity 
of the labeling substance bound onto the insoluble car- 
rier thereby assaying the subjective substance. The 
insoluble carrier to be used for immobilizing the anti- 
body includes those of forms such as tube, beads, ball, 
and well, and as the material thereof, use may be made 
of plastics, glass, silicon, and latex. 

Alternatively, the labeling substance is bound to the 
antibody to detect the antigen captured on the insoluble 
carrier. The labeling substance includes enzyme, radio- 
active substance, fluorescent substance, luminescent 
substance and the like, and the assay of the activity of 
the labeling substance can yield the measurement of 
the level of the antigen captured. 

ff desired, still further, biotin may be bound to the 
antibody to prepare a biotin-labeled antibody, with 
which avidin labeled with a labeling substance reacts to 
assay the antigen level, in addition to the direct binding 
of the labeling substance to the antibody. 

So as to carry out the assay method of the present 
invention, for example, an anti-sAPP antibody is immo- 
bilized on a carrier, and onto the immobilized antibody is 
captured the sAPP antigen in a sample, and a labeled 
anti-Ap antibody reacts with the resulting antigen-anti- 
body complex. K the amino acid sequence of the sAPP 
antigen contains the amino acid sequence correspond- 
ing to Ap (for example. a-sAPP), the labeled anti-A p 
antibody is bound to the sAPP antigen. Then, by activat- 
ing and assaying the labeling substance through color 
development or fluorescent emission, the sAPP antigen 
is assayed quantitatively and qualitatively. 

The present invention is to provide not only an 
assay method of sAPP, but also an sAPP assay kit 
including a variety of antftxxfies, buffer solutions, labe- 
ling and activating reagents, and other necessary sub- 
stances to be used for the assay, and a kit for detecting 
Alzheimer disease, and the Oka A kit incorporating an 
anti-sAPP monoclonal antbody and an anti-Ap mono- 
clonal antibody is useful for establishing the diagnosis of 
Alzheimer disease, and the application thereof is highly 
promising for health check programs for aged people. 

The present invention will now be described in 
detail in examples hereinbelow, but these examples are 
not intended to limit the present invention only to sAPP 
derived from APP 770, excluding other isomers. 
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Example 1 

Preparation of monoclonal antibodies against Ap and 
sAPP 

1 . Materials 
Immunogen 

Regarding Ap, a peptide having the amino acid 
sequence of the first to the 40-th amino acids of Ap was 
prepared by peptide synthesis, which was used as an 
immunogen. Regarding sAPP. culturing a human uri- 
nary bladder cancer cell EJ-1 in a serum-free RPMI 
1640 medium, sAPP was purified from the culture 
supernatant by activated Red Sepharose column chro- 
matography and Sephadex QA 824 column chromatog- 
raphy. 

2. Immunization 

The immunization procedure for preparing Ap anti- 
body will be described below. To a solution (0.9 ml) con- 
taining Ap (1 mg) was added an equal amount of Freund 
complete adjuvant for sufficient mixing to prepare an 
emulsion, which was then injected intraperitoneally at 
1.8 ml/mouse into a Balb/c mouse for immunization. 
Then, an emulsion of a solution containing the solution 
(0.6 ml) containing Ap (1 mg) and incomplete adjuvant 
was injected subcutaneously as an immunogen at 1.2 
ml/mouse every three weeks. After such immunization 
procedure was repeated several times, a PBS solution 
containing Ap (100 \iq) was boosted intraperitoneally 
into the mouse at 0.2 ml/mouse as the final immuniza- 
tion. 

The immunization procedure for preparing sAPP 
antibody will be described below. To a solution (0.75 ml) 
containing sAPP (150 jig) was added an equal amount 
of Freund complete adjuvant, for sufficient mixing to 
prepare an emulsion, which was then injected intraperi- 
toneally at 1 .5 ml/mouse into a Balb/c mouse for immu- 
nization. Then, an emulsion of a solution containing the 
solution (0.4 mi) containing sAPP (75 jig) and incom- 
plete adjuvant was injected as an immunogen subcuta- 
neously at 0.8 ml/mouse every three weeks. After such 
immunization procedure was repeated several times, a 
PBS solution containing sAPP (62.5 jig) was boosted 
intraperitoneally into the mouse at 0.3 ml/mouse as the 
final immunization. 

3. Cell fusion 

■ 

Fusion 

Three days after the final immunization, spleen was 
aseptically resected from the mous . which was finely 
chopped int small pieces for cell extrusioa The 
extruded ceils after passing through nylon mesh were 
then washed several times in an RPM1 1640 medium for 



re-suspension to prepare a suspension of the spleen 
cells. P3-X63-Ag8-653 was used as a murine myeloma 
cell for fusion. The myeloma cells to be used for such 
purpose include for example P3-X63-Ag8-U1 and P3- 
5 Ns-1/Ag4-1 t which are all known and commercially 
available. 

Cell fusion was carried out according to the method 
of Koehler. G. et al. More specifically, spleen cells and 
the suspension of murine myeloma cells, preliminarily 

to washed three times in a serum-free RPMI 1640 
medium, were mixed together at a cellular ratio of 5:1. 
The cells were precipitated by centrifuging to remove 
the supernatant medium, and the remaining cells were 
mildly loosened, to which was then gradually mixed 50 

75 % polyethylene glycol 6000 (1 ml; manufactured by 
Boehringer, Co. Ltd.) for fusion. Furthermore, adding 
gradually an RPM1 1640 medium (10 ml) containing 10 
% serum to dilute the resulting mixture followed by cen- 
trifuging, the resulting supernatant was discarded. The 

20 cells were suspended in a HAT medium (50 ml) contain- 
ing 1 x 10* 4 M hypoxanthine, 4 x 10" 7 M aminopterin, 
and 1.6 x 10' 3 M thymidine, and the resulting suspen- 
sion was divided at 0.5 ml/well into a 48-well culturing 
plate. 

25 

Antibody screening of the culture supernatant 

After the initiation of the culturing in the HAT 
medium, the medium was exchanged to fresh such 

30 medium or fresh medium was added at an appropriate 
time About 1 0 days later, screening of anttoodies in the 
culture supernatant was conducted. After adding and 
immobilizing an antigen solution (5-10 jig/rnJ) into a 
microtiter plate for ELISA, 1 % bovine serum albumin 

35 was used for blocking. Supernatants sampled from the 
culture plate were added at 100 pi into the microtiter 
plate, which was then left to stand at room temperature 
for 2 hours. After washing, 100 \i\ of horse radish perox- 
idase (POD)-labeled rabbit anti-mouse IgQ antibody (10 

40 mj/rrd) was added into each well, which was then left to 
stand at room temperature for 2 hours. After washing 
the plate, 100 |il each of a substrate sokition(100 mM 
phosphate buffer solution, pH 6.0; 1 mg/rnl o-phenytene 
diamine, 1 jil/ml was added into the well for reac- 

45 tionfbran appropriate period of time, followed by adop- 
tion of 100 pJ of 4N HQ to terminate the reaction. The 
absorbance at 492 nm of each well of the plate was 
measured to identify antfcodies contained in each sam- 
ple on the basis of the measurement 

50 

Cloning 

Cloning of the thus recovered hybridoma by the 
method described above was carried out by limited dilu- 
55 tion. For cloning, a suspension of the spleen cells from 
a Balb/c mouse to a final concentration of about 1 x 10 6 
cells Am was used as a feeder cell, and the hybridoma 
was diluted with the feeder cell suspension to 0.5 
cell/ml. The hybridoma diluting solution was divided at 
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0.1 mt into a 96-well culture plate, and about one week 
later, the formation of colonies was confirmed under 
microscopic observation. Then, a well of monoclones 
was confirmed of its antibody generation by the method 
described above. Single clone of each of antibody-gen- 
erating hybridomas of Ap and sAPP, was confirmed. 

The thus recovered hybridomas were both new 
fused cells and named individually as mouse-mouse 
hybridoma p AP/OM16 and mouse-mouse hybridoma 
APP/OM84. These hybridomas were then deposited 
internationally as FERM BP-4673 and FERM BP-4672 
in the Bioengineering and Industrial Technology 
Research Institute, the Agency of Industrial Science 
and Technology, Japan. 

Example 2 

Characterization of antibodies 

The cells of the new hybridomas prepared as 
described above were intraperitoneally administered (1 
to 3 x 10 s cells/mouse) to mice preliminarily given min- 
eral oil (0.5 ml) intraperitoneally. Six to 20 days later, 
ascites fluid containing antibodies was collected to 
purify monoclonal antibodies from the ascites fluid by 
using a protein-A column according to a routine method. 

The characterization of the generated monoclonal 
antibodies brings about the results as follows; 



anti-Ap antibody; 
specificity; 



anti-sAPP antibody; 
specificity; 



subclass lgG2b/x 

reactivity with both of Ap and 

sAPP 

(recognizing the amino acid 
sequence of the first to the 16-th 
amino acids from the N-terminus 
of Ap, the amino acid sequence 
being common to both of Ap and 
sAPP.) 

subclass lgG2a/x 
specific reactivity with sAPP 
(recognizing the amino acid 
sequence present in sAPP, 
excluding the amino acid 
sequence of the first to the 16-th 
amino acids from the N-terminus 
of Ap; thus, recognizing p-sAPP 
and p-sAPP-containing sub- 
stance (a-sAPP)). 



Example 3 



Antibody labeling with btotin 

So as to establish the assay of sAPP using the gen- 
erated antibodies, the antibodies were labeled with 
biotin. Firstly, the concentration of the antibodies was 
adjusted to about 5 mg IgG/ml, which was then dialyzed 
against 100 mM carbonate buffer solution, pH 9.0. A 
biotin-labeling reagent (NHS-LC-Biotin II, manufactured 
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by PIERCE Company) was dissolved in dimethyl forma- 
mide to a final concentration of 30 mg/ml, which was 
then added at 10 u.1 into 1 ml of the antibody solution for 
thorough mixing. The resulting solution was left to stand 
in ice for 2 hours for reaction. The solution was then dia- 
lyzed against PBS to remove the unreactiv biotin-labe- 
ling reagent 

Example 4 

Assaying of soluble APP 

Anti-sAPP antibody was diluted to 10 jxg/ml by 
using PBS, which was then divided at 50 pi each into a 
96-well microtiter plate, and the plate was (eft to stand 
overnight at 4 °C. After discarding the solution in the 
wells, each well was filled with PBS containing 0.1 % 
BSA (0.1 % BSA-PBS) and was then left to stand at 
room temperature for 3 hours. Each well was washed in 
PBS containing 0.1 % Tween-20 (0.1 % Tween-PBS) 
five times, to which was then added 50 pJ of sAPP anti- 
gen diluted with 0.1 % BSA-PBS to 10, 5. 1. 0.5. 0.1, 

0. 05. and 0.01 pg/ml. Each well was left to stand at 
room temperature for 2 hours, prior to washing in 0.1 % 
Tween-PBS five times. 50 pi of each of biotin-labeled 
anti-Ap antibodies diluted to 10 pg/rnl by using 0.1 % 
Tween-PBS was added to each wed, which was then left 
to stand at room temperature for 2 hours. 

After washing each well five times in 0.1 % Tween- 
PBS. 50 pJ of Vectastain ABC kit Elite PK-6100 (manu- 
factured by Vector Company) diluted to 150- fold by 
using 0.1 % Tween-PBS was added to each well, which 
was then left to stand at room temperature for one hour. 
After washing each well five times in 0. 1 % Tween-PBS, 
1 00 pi of a substrate solution (1 00 mM phosphate buffer 
solution, pH 6.0. 1 mg/ml o-phenytene cfiamtne, 1 pl/ml 
H2O2) was added to each well for reaction at room tem- 
perature for an appropriate period of time, followed by 
addition of 100 pi of 4N Hd to each well to terminate the 
reaction. The absorbance of each wen at 492 nm was 
measured with a plate reader. 

The results of the measurement are shown in Fig. 
3. The results indicate that sAPP antigen level can be 
measured accurately. 

Effects of the Invention 

In accordance with the present invention, sAPP can 
be measured accurately at a higher sensitivity in a sim- 
ple manner. An immunoassay system composed of the 
anti-sAPP monoclonal antibody and the anti-Ap mono- 
clonal antibody in combination can screen accurately 
Alzheimer patients, so the immunoassay system can be 
effectively used for diagnosis of Alzheimer disease. 

Claims 

1. A method for assaying soluble APP. comprising 
using an antibody against amyi id p-protein or sol- 
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uble amyloid precursor protein (APP). 

2. A method for assaying soluble APP according to 
claim 1, using an antibody having the antigen rec- 
ognition site which is the amino add sequence in s 
common to amyloid p-protein and soluble APP or 
which is a specific amino acid sequence to soluble 
APR 

3. A method for assaying soluble APP according to w 
any one of claims 1 and 2, wherein the assaying 
subject is soluble APP having a part of the amino 
acid sequence of amyloid p-protein at the amino 
terminus thereof. 

4. A method for assaying soluble APP according to 
any one of claims 1 to 3. wherein the assaying sub- 
ject is APP solubilized through the cleavage of the 
amyloid p-protein between the 16-th lysine and the 
1 7-th leucine from the amino terminus thereof. 



12. A method for assaying soluble APP, comprising 
immobilizing one antibody of th monoclonal anti- 
bodies generated by hybridoma cells according to 
daim 1 1 onto an insoluble carrier, capturing a sub- 
jective assaying substance in a sample onto the 
antibody, thereafter reacting the other labeling sub- 
stance-bound antibody with the subjective sub- 
stance and detecting the activity of the labeling 
substance bound onto the insoluble carrier thereby 
assaying the subjective substance. 

13. A kit for detecting Alzheimer disease; containing a 
monoclonal antibody according to daims 8 or 9. 



15 
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5. A method for assaying soluble APP according to 
any one of claims 1 to 4. comprising immobilizing 
one antibody onto an insoluble carrier, capturing a 
subjective assaying substance in a sample onto the 25 
antibody, thereafter reacting the other labeling sub- 
stance-bound antfoody with the subjective sub- 
stance and detecting the activity of the labeling 
substance bound onto the insoluble carrier thereby 
assaying the subjective substance. so 

6. A method for assaying soluble APP according to 
any one of daims 1 to 5, wherein soluble APP is 
measured for diagnosing Alzheimer disease. 

35 

7. A method for assaying soluble APP according to . 
any one of daims 1 to 6, wherein the antibody to be 
used is a monodonal antibody. 



8. A monoclonal antibody specifically recognizing the *o 
amino acid sequence of amyloid p-protein from the 
first to the 16-th amino adds from the amino termi- 
nus thereof. 

9. A monodonal antibody recognizing a part of the 45 
amino acid sequence of amyloid p protein present 

on soluble APP, exduding the amino add sequence 
thereof from the first to the 16-th amino acids from 
the amino terminus thereof. 

50 

10. A method for assaying soluble APP according to 
daim 7, wherein the monodonal antibody is a mon- 
oclonal antibody according to claims 8 or 9. 

11. Hybridoma cells, mouse-mouse hybridoma p ss 
AP/OM16 and mouse-mouse hybridoma 
APP/OM84. generating a monodonal antibody 
according to claims 8 or 9, and the generated anti- 
bodies. 
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FIG. 2 
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FIG. 3 
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